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CHAPTER  I . 

INTRODUCTION . 

1.  PRELIMINARY. 

The  cylinder  performance  of  a reciprocating  engine,  using 
an  elastic  fluid  for  the  working  medium,  may  be  considered  from  two 
points  of  view:  its  performance  as  a heat  engine,  or  the  efficiency 
of  transformation  of  the  heat  available  into  indicated  work;  and  its 
performance  as  a mechanism,  or  the  measure  of  perfection  attained  in 
the  distribution  of  the  working  fluid  and  in  preventing  leakage  past 
the  valves,  piston,  or  piston  rods.  In  investigating  actual  perform- 
ances, there  are  various  devices  and  means  which  aid  to  a certain  de- 
gree, in  separating  the  different  phases  of  performance.  This  fact 
enables  defects  to  be  corrected  when  they  are  located. 

Most  of  our  knowledge  of  cylinder  performance  is  obtained 
from  indicator  diagrams,  taken  by  means  of  short  indicator  connections 
accurate  instruments,  and  correct  reducing  motions.  From  these  dia- 
grams we  obtain  a measure  of  work  performed  in  one  cycle  of  operation. 
Thus  the  immediate  result  is,  that  with  a certain  amount  of  heat  avail' 
able,  we  have  obtained  a certain  proportion  of  it  as  work.  This  pro- 
portion is  expressed  as  a thermal  or  potential  efficiency. 

The  shape  of  the  expansion  and  compression  curves  of  the  di- 
agram vary  considerably.  Writers  have  developed  hypotheses  to  account 
for  the  variations  in  the  shape  of  these  curves.  About  two  years  ago, 
while  constructing  assumed  gas  engine  diagrams  to  be  used  in  a gas  en- 
gine design,  the  writer  plotted  several  actual  diagrams  on  logarithmic 
cross-section  paper  to  find  the  value  of  n for  the  curves.  A few 
steam  diagrams  were  also  plotted  for  the  same  reason.  In  the  latter, 
for  diagrams  taken  from  the  same  cylinder  at  different  values  of  cut- 
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off,  it  was  noted  that  the  value  of  n for  the  expansion  curve  was 
higlier  as  the  cut-off  was  longer.  After  considerable  thought,  it  was 
decided  that  there  might  be  a relation,  in  any  one  cylinder  between 
the  value  of  n for  the  expansion  curve  and  the  quality  of  the  steam 
mixture  at  cut-off,  as  this  quality  improved  when  the  cut-off  was 
lengthened.  One  fact  that  seemed  to  confirm  this  belief  was  that, 
with  superheated  steam,  when  this  quality  at  cut-off  is  high,  the  val- 
ue of  n for  the  expansion  curve  is  much  higher  than  with  saturated 
steam. 

This  hypothesis  seemed  reasonable,  so  a series  of  tests  was 
planned  which  would  disclose  this  relation  if  it  existed. 

A Corliss  engine  was  selected  because  of  the  fact  that  in 
this  type  all  the  steam  used  had  to  pass  through  the  cylinder.  Sixty 
separate  tests  were  ma.de,  and  the  following  conditions  maintained. 

With  satura.ted  steam,  the  effect  on  the  value  of  n of  changing  the 
Cut-off,  the  steam  pressure,  and  the  speed  was  observed.  This  was  re 
peated  with  steam  superheated  about  100° F. 

These  tests  showed  that  there  was  a very  definite  relation 
between  the  value  of  n and  the  quality  at  cut-off.  This  fact  enabled 
the  writer,  with  diagrams  from  this  engine,  and  the  relations  of  n anc 
quality  found  in  the  tests,  to  reverse  the  process  used  in  finding 
this  relation,  and  to  compute  the  actual  steam  consumption  to  within 
an  error  of  less  than  5^  of  its  weight  as  measured  at  the  condenser. 
The  importance  of  finding  such  a relation  will  be  easily  seen. 

After  long  and  careful  study  of  the  values  of  n found  in  va- 
rious engines  using  different  media,  and  the  variation  in  this  value 
for  the  same  curve  in  any  particular  case,  there  were  found,  one  by 
one,  other  very  important  facts  which  related  to  the  detection  of  leal|- 
age,  close  location  of  the  events  of  the  cycle,  and  a rational  method 

ver;r  complete  analysis  of  cyl- 
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inder  performance  tias  "been  disclosed.  ^ ^ 

The  indicator  diagrams  to  which  this  analysis  applies  are 
those  taken  from  the  cylinders  of  reciprocating  engines  using  any  ©- 
lastic  fluid  for  the  working  medium  and  having  as  a part  of  the  cycle 
an  expansion  or  compression  of  the  medium. 

The  development  of  this  new  method  of  analysis,  and  compari- 
son with  the  existing  methods  is  found  in  the  following  Chapters  of 
this  thesis.  The  plan  of  presentation  will  be  briefly  outlined. 

Chap.  II  contains  a very  brief  summary  of  the  results  of  the 
analyses  of  indicator  diagrams  that  may  be  considered  standard  prac- 
tice at  the  present  time. 

Chap.  Ill  describes  the  plotting  of  logarithmic  diagrams, 
and  gives  values  of  n for  curves  found  in  practice  by  means  of  this 
diagram. 

Chap.  IV  gives  the  values  of  n for  adiabatic  change  of  state 
of  the  different  media  with  which  this  thesis  deals. 

Chap.  V gives  the  results  of  laboratory  tests  of  a Corliss 

engine. 

Chap.  VI  contains  the  discussion  of  the  exhibit  of  results, 
and  develops  the  new  method  of  analysis  in  detail. 

Chap.  VII  shows  applications  of  the  new  method  to  particular 
cases,  and  gives  suggestions  for  new  fields  of  application. 

Chap.  VIII  is  devoted  to  the  discussion  of  the  existing 
methods  of  analysis,  as  viewed  from  the  standpoint  of  the  new  method. 

Chap.  IX  gives  the  conclusions  derived  from  the  results  of 
the  Research. 

It  is  believed,  after  working  with  the  new  method,  that  the 
existing  methods  of  analysis  are  in  a very  crude  state,  and  that  many 
of  the  deductions  made  are  absolutely  without  foundation  or  meaning. 
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CHAPTER  II. 


REVIEW  OB’  THE  EXISTING  ANALYSES  OF  CYLINDER  PERFORI.IANCE 
FROM  INDICATOR  DIAGRAI.IS. 

1.  THE  PV-DIAGRAjM. 

The  indicator  diagram,  or  PV-diagram,  is  an  autographic  rec 
ord  of  pressure  in  the  cylinder  of  a reciprocating  engine  at  the  dif- 
ferent parts  of  the  stroke.  This  record  is  made  by  an  indicator,  of 
which  many  forms  are  on  the  market. 

The  indicator  was  invented  by  James  Watt  and  was  used  by  hirr 
in  improving  the  steam  distribution  of  his  engines.  Watt  kept  the  de 
vice  secret  for  many  years,  thereby  securing  a great  advantage  over 
his  competitors  of  that  period. 

B’ollowing  the  invention  by  Chas.  B.  Richards,  in  1362,  of  a 
multiplying  straight-line  motion,  so  that  the  deflections  of  the  spring 
were  multiplied  many  times,  thereby  allowing  a heavier  and  more  relia- 
ble spring  to  be  used,  many  high-grade  and  thoroughly  reliable  instru- 
ments have  appeared. 

The  indicator  was  at  first  applied  to  steam  engines  only, 
but  later,  with  the  advent  of  other  foms  of  power,  to  gas  engines, 
pump  cylinders  using  any  liquid,  compressed  air  engines,  compressors 
of  air,  ammonia,  and  different  gases,  and  to  the  barrels  of  ordnance 
pieces. 

For  an  interpretation  of  the  different  lines  of  a PV-dia- 
gram, the  reader  is  referred  to  the  works  of  such  writers  as  Thurston, 
Peabody,  Pray,  or  to  handbooks  issued  by  the  different  indicator  manu 
f acturers . 

2.  THE  APPLICATION  OF  INDICATOR  DIAGRAMS  IN  THE  PV  FORL'I . 

For  details  of  the  processes  briefly  outlined  here,  the 
reader  is  referred  to  books  dealing  with  the  sub.iect.  
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a.  Indicated  Power. 


The  most  common  use  of  the  diagram  is  to  obtain  a measure  of 
the  work  developed  in  the  cylinder  indicated.  For  this  purpose,  the 
area  of  the  diagram  is  obtained,  and  the  proper  scales  are  used  to  re- 
duce this  area  to  work. 

b.  Valve  Setting. 

The  cyclic  events,  such  as  the  opening  and  closing  of  valver , 
are  shown  faithfully  on  the  diagram.  By  interpreting  the  meaning  and 
location  of  such  events,  the  power  developed  in  the  opposite  ends  of  £ 
cylinder  may  be  equalized,  the  valves  may  be  set  so  as  to  effect  the 
best  economy,  and  ignition  in  a gas  engine  may  be  made  to  occur  at  the 
proper  moment.  It  is  standard  practice  to  set  the  valves  of  steam  en- 
gines, fitted  with  indicator  connections,  so  that  the  events  of  the 
cycle  occur  at  the  proper  points  as  shown  by  the  indicator.  These 
connections  are  furnished  as  regular  equipment  on  large  engines. 

c.  Location  of  Cyclic  Events. 

It  is  often  useful  to  locate  the^  positions  of  such  events  as 
lead,  cut“Off,  release,  and  compression  in  a steam  cylinder,  and  simi- 
lar events  in  the  cylinders  using  other  media.  These  events  are  gen- 
erally shown  on  the  diagrams  in  such  a manner  as  to  be  located  with 
fair  accuracy. 

d.  Him’s  Analysis  of  Stesun  Diagrams. 

Hirn’s  analysis  consists  in  accoionting,  by  means  of  the 
pressures  and  volumes  of  steam  shown  by  the  indicator,  for  the  quanti- 
ties of  heat  present  in  the  steam  at  different  points  between  the  e- 
vents  of  the  beginning  of  compression  and  release.  Thus  the  loss  of 
heat  to  the  cylinder  walls,  due  to  initial  condensation,  is  revealed, 
and  the  restoration  of  part  of  this  lost  heat,  during  the  expansion, 

is  shown.  It  is  the  heat  balance  of  one  stroke  of  the  engine,  and  is 
iigM_Jjn_jpeno^^  elaborate  tests,  and  in  research  relating  to  initial 


k 


T n 


I '|, 


.1, 


^ -'  ir/  ■I'-f:’^.'' 


v'<l  -^•'1%..^!! 


s>  < 


’ 0 


- ,v 


J-  "■*  * "‘'*7^  . ■:,’  i'.'ln 


rv->-  ■ ' ’ 

' ^ i>  f- 


V. 


jj  ' 

».tfir-/?l 

' * ■•-TV  ^ 

1 4 

V 

1 .h  p»xr, 

^ f’.-  *-.v‘/-:i 'V^f 

* ‘,  V* 


f » f I ' • 


M? 


± 


L.  9^. 


■*',«)  : '.'■'  ■ lO  i ,• 


<'■  ' .*, 


'i'jS*' 


'» tii»  4 


I 


\V 


i 


f>ii, "» 


! 


>iiA 


:ai 


t)i 


,>#4 


m 


f\i^ 


rtf)  -*  « *‘J! : 


.y  (I 


i '1)1 


l>f?*s&‘ 


‘i^ 


1v'^ 


> > W j^ 


: I I 


it  1 


\ ' ' 

sj 

■» 

- 1 

■ »li  p 

i 

* 1'' 

\‘ 

• 

7 

, i 

♦ • ♦ * 

‘ . ;oj(f 

SI 


f-tl 


ITJ'H  ■ 


r#4 


Kill 


I I 


»4-  i/  ' ^ 


rfi: 


N 


>J» 


» « 


^jT 


^•'iJ 

■rfV 


‘A" 


r3 


W1 


<«V' 


Xi'  i’ »» 


.u  '. 


r?i 


ii\' 


al 


' / 1-  ^ 


ui 


»r  « 


. «V'i 


HT4 

* 'v 


n 


I 


Vf» 


I .,.)» 


n f 


h 


I*  jv5 


/? 


I 


Vr ' 


i:'.  i’ 


[."J  f, 


'^t> 


Ji 


t *j;4f.i 


'.  >r 


f t 


4'iC 


1^ 


.Vli' 


^.\-r:ii 


7 


condensation,  re-evaporation,  ttie  use  ol‘  steam  jackets,  supe27ieaL»-Ju 
steam,  high  speeds,  and  any  work  where  it  is  desirable  to  know  the 
heat  losses  in  the  cylinder  itself. 

For  a detailed  working  out  of  a Him^s  analysis,  the  reader 
is  referred  to  the  works  of  Carpenter,  Peabody,  and  Crei^ton. 

e.  The  Use  of  Indicator  Diagrams  in  Compression  Practice  in  de- 
termining Number  of  Stages. 

'.'Then  air  or  other  gas  is  compressed,  it  is  usually  desirable 
to  compress  it  as  nearly  iso thermally  as  possible,  in  order  to  reduce 
the  amount  of  work  to  be  done  upon  it.  This  result  is  accomplished 
more  or  leas  completely  either  by  water  cooling  the  compressor  cylin- 
ders, or  by  dividing  the  compression  in  two  or  more  stages  and  cooling 
the  gas  in  intercoolers  as  well  as  in  the  cylinders.  The  simple  dia- 
grams and  combined  diagrams  from  compressors  show  to  what  extent  the 
desired  result  has  been  accomplished,  and  they  have  been  widely  used 
for  that  purpose. 

3.  THE  CURVES  OF  THE  PV-DIAGRAI^^ . 
a.  The  Expansion  Curve. 

The  character  and  form  of  the  expansion  curves  of  steam  d.ia-1 
grams,  when  compared  with  a rectangular  hyperbola  which  is  passed 
through  some  point  on  the  expansion  curve,  have  been  used  to  draw  de- 
ductions concerning  the  tightness  of  the  piston  and  valves.  It  has 
been  found,  after  many  trials,  that  most  engines  using  saturated  steac 
at  normal  load  give  diagrams  of  which  the  expansion  and  compression 
curves  approximate  an  equilateral  hyperbola.  Some  writers,  knowing 
this  fact,  have  maintained  therefore  that  these  curves  should  neces- 
sarily be  close  to  an  hyperbola,  and  they  regard  any  curve  departing 
much  from  it  as  good  evidence  of  some  abnormal  influence  in  the  cylin- 
der. 

^ The  clearance  of  steam  cylinders  can  be  approximated  by  as- 
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during  expansion,  incomplete  expansion,  clearance,  back-pressure,  and 
receiver  losses  in  compound  engines  only.  One  of  these  losses,  that 
by  condensation,  is  partially  restored  by  re-evaporation  during  the 
latter  part  of  expansion  and  during  the  exhaust.  The  temperature-en- 
tropy diagram  is  not  used  extensively  in  engine  testing,  and,  as  a 
matter  of  fact,  is  of  no  value  for  obtaining  quantitative  results  by 
the  measurement  of  the  area  on  the  TS-plane,  as  the  actual  process  is 
an  irreversible  one. 

The  other  fom  of  derived  diagram  is  one  of  the  expansion  or 
compression  curves  plotted  on  logarithmic  cross-section  paper  from  the 
PV-diagram.  This  is  used  to  obtain  graphically  the  value  of  n from 
these  curves.  This  partial  diagram  is  very  rarely  used. 

5.  SUMMARY. 

Our  knowledge  of  cylinder  performance  by  means  of  the  indi- 
cator may  be  divided  into  two  classes:  first,  the  satisfactory  re- 
sults; and  second,  the  unsatisfactory  results. 

a.  The  following  results  are  of  the  class  that  is  in  a satisfac- 
tory state: 

1.  Indicated  Work. 

2.  Aid  in  Valve  Setting. 

3.  Heat  Balance  in  Steam  Cylinders. 

4.  Detection  of  Leakage (if  very  large )during  expansion  or 
compression. 

b.  The  following  problems  are  in  the  class  which  is  in  a very  un- 
satisfactory state: 

1.  Accurate  determination  of  clearance  from  all  cylinders 
using  elastic  media. 

2.  Close  location  of  cyclic  events. 

3.  Reliable  detection  of  moderate  leakage  with  the  engine  ir 

motion. 
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CHAPTER  III. 

THE  PLOTTING  OF  INDICATOR  DIAGRAMS  ON  LOGARITHMIC  CROSS-SECTION  PAPER. 

1.  DESCRIPTION  OP  LOGARITHMIC  CROSS-SECTION  PAPER. 

Logarithmic  cross-section  paper  differs  from  rectangular 
cross-section  paper  in  that  the  distances  from  the  origin  are  propor- 
tional to  the  logaritlims  of  the  numbers  to  be  plotted  instead  of  the 
numbers  themselves.  This  system  of  coordinates  gives  an  uneven  scale 
similar  to  that  on  a slide  nile. 

The  numbers  of  the  divisions  are  placed  opposite  the  lines 
corresponding  to  the  logarithms,  as  on  a slide  rule,  instead  of  the 
values  of  the  logarithms  of  the  numbers.  This  fact  aids  in  plotting, 
as  the  logarithms  are  used  without  having  to  ascertain  their  values. 

The  logarithmic  paper  used  in  this  investigation  consists  of 
four  squares  as  shown  in  Fig.  1.  These  squares  are  five  inches  each 
way,  making  the  four  squares  together  as  shown  ten  inches  each  way. 

The  use  of  four  squares  enables  values  to  be  plotted  ranging  from  0.1 
to  10.0,  1.0  to  100.0,  etc.,  thus  giving  a range  of  ten  times  the  val- 
ues obtainable  if  only  one  square  were  used. 

2.  METHOD  OF  TPxANSPERRING  THE  PV-DIAGRAM  TO  LOGARITHMIC  CROSS-SECTION 
PAPER. 

The  coordinates  of  the  PV-diagram  are  pressure  and  stroke, 
the  latter  being  proportional  to  the  volume  displaced  by  the  piston. 
The  coordinates  of  several  points  on  the  PV-diagram  must  be  found  in 
terms  of  absolute  pressures,  preferably  in  pounds  per  square  inch,  and 
absolute  volumes,  preferably  in  cubic  feet.  The  scale  of  units  used 
is  not  material  as  long  as  it  starts  at  the  line  of  zero  pressure,  or 
of  zero  volume.  However  the  units  are  more  easily  manipulated  after- 
wards if  they  are  the  same  as  are  used  in  the  steam  tables. 


flbsolui^  Pressure,  Lb, per  Sq.  Inch. 
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Fig.  2 Cr  shows  a typical  steam  indicator  diagram,  ABYX,  ta- 
ken from  the  engine  described  in  Appendix  I.  Perpendiculars  QR  and  EX 
are  drawn  to  the  atmospheric  line  EQ,  and  pass  through  the  extreme 
stroke  positions  of  the  diagram.  The  distance  EQ  is  then  the  length 
of  the  diagram.  OM  is  laid  off  perpendicular  to  the  atmospheric  line 
EQ,  extended,  which  was  drawn  by  the  indicator.  It  is  the  line  of 
zero  volume,  and  is  drawn  at  a distance  FE  from  the  admission  end  of 
the  diagram  EX,  this  distance  FE  being  the  same  length  in  per  cent  of 
the  line  EQ,  or  length  of  the  diagram,  as  the  propoz'tion  that  the  per 
cent  of  clearance,  or  waste  space  of  the  cylinder,  bears  to  the  pistorj 
displacement.  If  the  clearance  is  3.2^,  then  FE  is  3,2^  of  the  length 
Eq.  on  is  the  line  of  zero  pressure  and  is  drawn  a distance  FO  below 
the  atmospheric  line,  to  the  scale  of  the  spring  used  in  obtaining  thej 
PV-diagram.  This  distance  is  proportional  to  the  barometer  reading, 
corrected  for  temperature,  prevailing  at  the  day  and  place  of  the  en- 
gine test.  B’rom  ON  points  are  laid  off  on  QR  and  EX  corresponding  to 
the  absolute  pressures,  at  the  intervals  where  it  is  desired  to  read 
the  corresponding  volume. 

Pine  lines  are  drawn  connecting  similar  pressure  points. 

These  are  shown  as  19.8-19.8,  29.1-29.1,  etc.  The  volumes,  such  as 
GA,  GB,  HD,  HO,  etc.  are  read  off  in  hundredths  of  an  inch  and  multi- 
plied by  the  constant  ratio  which  one  inch  of  length  on  the  diagram 
bears  to  the  displacement  of  the  piston.  Thus  one  inch  of  length  on 
the  diagram  may  be  equivalent  to  3 cubic  feet  of  piston  displacement. 
This  process  is  continued  at  intervals  until  the  coordinates  of  from 
ten  to  thirty  points  are  determined.  These  coordinates  of  P and  V, 
are  then  plotted  as  shown  in  Fig.  1,  which  is  the  logarithmic  diagram 
derived  from  the  PV-diagram  in  Fig.  2.  A smooth  curve  is  drawn  throu^ 
the  points  thus  obtained,  and  the  diagram  is  in  shape  to  be  studied. 

Ihft  facts  t.hi  R fr>m  of  derived  dia.3:ram  are  th4 
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basis  of  the  new  method  described  in  the  following  parts  of  this  the- 
sis. The  writer  proposes  for  this  figure  the  name,  logarithmic  dia- 
gram, and  this  name  will  be  used  throughout  this  investigation. 

3.  MATHEMATICAL  RELATIONS  EXISTING  BETWEEN  THE  PV-DIAGRAM  AND  THE  LOG- 
ARITHMIC DIAGRAfrl. 

a.  Expansion  and  Compression  Curves. 

It  has  been  found,  under  the  conditions  where  the  amount  of 
steam  or  gas  remains  constant,  and  without  abnomal  influences,  such 
as  leakage,  that  expansion  and  compression  take  place  substantially 
according  to  the  law  = C.  This  equation  when  plotted  on  rectangu- 
lar cross-section  paper  gives  a curve  depending  in  its  shape  on  the 
values  of  P,  V,  n,  and  C.  I'^/hen  this  curve  is  plotted  on  logarithmic 
paper,  it  becomes  a straight  line  depending  for  its  slope  on  the  value 
of  n.  The  relations  for  such  curves  follow: 

Given  PV^  = C. 

Taking  the  logarithm  of  both  terms, 

log  P +-  n log  V = log  C . 

Transposing,  log  P = “ n log  V +"  log  C. 

This  is  of  the  form  of  the  straight  line 
y = mx  4-  b 

where  y = log  P 

ra  = - n 

X = log  V 

b = log  C 

Thus  m = - n,  the  slope,  or  measure  of  inclination  of  the  line  to  the 
axis  log  V.  In  Fig.  1,  for  example,  at  a point  X below  the  line  log 
P = - n log  V -H  log  C,  draw  OX  parallel  to  the  axis,  log  P^and  OY  par- 
allel to  the  axis,  log  V.  The  slope  will  be  the  value  of  the  ratio 

OX/-OY  = “ n.  OY  is  negative,  being  measured  to  the  left,  giving  n 
I its  negative  sign. 
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4.  VALUES  OF  n FOR  EXPANSION  AND  COMPRESSION  CURVES  PROM  PRACTICE, 
a.  Steam  Engines. 

The  values  of  n for  the  expansion  and  compression  curves  of 
indicator  diagrams  are  subject  to  a wide  variation.  It  has  been  found 
however,  in  the  great  majority  of  cases  examined,  that  the  expansion 
and  compression  curves  are  practically  exact  polytropic  curves  of  the 
form  PV^^  = C . 

Zeuner  gives  the  values  of  n found  by  several  early  investi- 
gators. These  values  were  mostly  taken  from  the  diagrams  of  small  and 
slow-speed  engines.  Leloutre  found  that  the  value  of  n was  practical- 
ly constant  for  any  one  case,  but  varies  greatly  in  different  engines, 
according  to  the  initial  pressure  and  ratio  of  expansion.  L{iders 
found  values  ranging  from  0,907)  to  0.5Z5.  Zeuner  found  values  of  from 
0.900  to  0.436  from  diagrams  taken  by  Hallauer  from  a Corliss  engine. 
In  none  of  these  cases  was  n found  to  be  as  high  as  1.0.  Zeuner  con- 
cludes that  the  value  is  generally  close  to  1.0,  and  does  not  vary 
much  either  , 

Heck  shows  diagrams  from  the  cylinders  of  compound  Corliss 
engines,  locomotives,  pumping  engines,  and  marine  engines,  all  using 
saturated  steam.  The  values  of  n for  the  expansion  curves  of  the  H.P. 
cylinders  of  these  engines  are  all  close  to  1.0.  The  values  for  the 
L.P.  expansion  curves  are  generally  less  than  1.0,  ranging  from  about 
0.95  to  0.90.  The  values  for  the  compression  curves  shown  do  not  de- 
part far  from  1.0. 

The  writer  has  examined  a large  number  of  curves  by  the 
graphical  method  described  in  Chap.  II.  These  examples,  which  are 
given  in  Tables  1-8,  may  be  classed  as  follows: 

Class  A - Corliss,  Four  Valve,  and  Riding  Cut-off  Types,  all  sim- 


ple expansion. 

B - Same,  Compound. 
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C - Same,  Triple  expansion. 

D - Gridiron  Valve  Type,  Compound. 

E - Poppet  Valve  Type. 

F - High  Speed  engines,  single  valve  types. 

G - Single  Acting  engines.' 

H - Locomotive  engines. 

The  classes  cover  the  values  derived  from  138  diagrams  taken 
from  36  separate  engines.  In  Chap.  V are  given  the  values  obtained 
from  60  sets  of  diagrams  taken  from  a 12  in.  X 24  in,  Corliss  engine. 

The  values  given  in  Tables  1-3  are  the  average  values  from 
both  ends  of  one  cylinder,  and,  in  the  case  of  two-cylinder  simple  en- 
gines, from  both  ends  of  both  cylinders.  In  many  cases  only  the  ex- 
pansion curves  were  examined. 

These  diagrams  were  taken  from  cylinders  ranging  In  size 
from  11  1/2  in.  X 13  in.  up  to  80  in.  X 60  in.,  and  in  speed  from  300 
R.P.M.  down  to  23.6  R.P.M.  Most  of  the  cylinders  were  un;]acketed. 
Examples  of  both  saturated  and  superheated  steam  are  shown.  It  will 
be  seen,  therefore,  that  the  range  of  the  exhibit  is  very  broad. 

It  is  evident  that  the  values  of  n are  subject  to  extremely 
wide  variations,  the  range  being  from  0.436,  found  by  Zeuner  up  to 
1.341,  found  by  the  writer,  in  the  case  of  an  engine  using  highly  su- 
perheated steam.  It  is  true,  however,  that  the  average  of  all  the 
Values  cited  is  not  far  from  1.0. 
b.  Gas  engines. 

The  values  of  n for  the  curves  of  gas  engine  diagrams  have  a 
smaller  range  of  variation  than  that  found  in  steam  diagrams. 

Giildner  finds  that  the  value  of  n for  the  compression  curves 
varies  from  1.30  to  1.38,  with  an  average  of  about  1.35,  but  he  men- 
tions rare  values  higher  than  the  adiabatic  value,  due  to  high  temper- 
Lature  of  cylinder  walls,  and  the  consequent  addition  of  heat  to  the 
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gas  during  compression.  He  finds  that  n for  expansion  varies  normally 
from  1.35  to  1.50,  but  cites  lower  values  than  1.35  due  to  leakage, 
and  higher  values  than  1.50  due  to  excessive  temperature  of  cylinder 
walls  from  poor  cooling. 

Wimperis  gives  the  values  found  by  Professor  Burstall  from 
diagrams  taken  during  10  tests  on  the  same  engine,  presumably.  Pro- 
fessor Burstall  finds  n for  expansion  to  vary  from  1.199  to  1.344, 
with  an  average  of  1.288.  The  values  of  n for  compression  vary  from 
1.345  to  1.364,  with  an  average  of  1.352. 

The  writer,  after  examining  17  diagrams  from  5 separate  en- 
gines, finds  values  for  expansion  and  compression  as  given  in  Table  9. 
These  values  given  show  that  the  variation  of  n for  expansion  is  ordi- 
narily from  1.10  to  1.37,  while  for  compression  it  is  from  about  1.20 
to  1.40,  leaving  out  of  account  very  high  values  due  to  imperfect  cool 
ing  and  very  low  values  due  to  leakage  and  to  cool  walls  during  the 
period  of  ’’starting  up”.  The  values  of  n,  for  expansion  in  large  cyl 
inders  with  lean  gases,  are  low,  being  about  the  same  as  those  found 
in  steam  cylinders  using  superheated  steam, 
c.  Compressed  Air  engines. 

Very  little  data  hae  been  found  concerning  the  values  of  n 
from  diagrams  taken  from  compressed  air  engines.  Locomotives  comprise 
the  larger  part  of  this  class  which  use  air  expansively. 

The  writer  examined  the  curves  of  8 diagrams  taken  from  the 
four  cylinders  of  two  locomotives,  one  a compound,  and  the  other  a 
simple  expansion  type.  These  are  given  in  Table  10. 

The  expansion  curves  of  these  diagrams  were  very  satisfacto 
ry,  but  the  compression  curves  were  all  irregular,  and  no  values  were 
obtained  from  most  of  them.  This  irregularity  was  probably  due  to  th 
vibration  that  is  present  in  most  locomotives  under  test  conditions. 
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The  values  for  expansion  range  from  about  1.12  to  1.37. 

d.  Air  compressors. 

Only  8 diagrams  from  one  two-stage  compressor  were  available 
for  examination.  The  values  of  n for  compression  are  given  in  Table 
11.  No  values  for  re-expansion  were  obtained. 

The  values  for  compression  in  air  compressors  never  vary 
much,  and  will  generally  fall  between  1.20  and  1.35. 

e.  Ammonia  compressors. 

The  examples  available  of  this  type  of  compressor  were  lim- 
ited to  5 diagrams  from  2 compressors.  The  compression  curves  were 
very  satisfactory,  but  the  re-expansion  curves  were  quite  irregular. 
These  values  will  be  found  in  Table  12. 

The  values  found  fall  between  about  1.15  and  1.24,  very  lit- 
tle variation  being  observed. 

f.  Gas  compressors. 

This  class  refers  to  compressors  used  to  raise  the  pressure 
of  illuminating  gas  in  order  to  send  it  to  distant  points  in  small 
pipes.  The  analysis  of  the  gas  compressed  in  the  single  case  examined 
is  given  in  Chap.  IV.  Values  of  n were  obtained  for  the  compression 
curves  only.  These  values  are  given  in  Table  13. 

Although  taken  at  different  conditions  of  the  speed  and  the 
discharge  pressure,  these  values  show  substantial  agreement,  but  are 
considerably  lower  than  the  values  obtained  for  air  compression. 
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CHAPTER  IV. 

THEORETICAL  VALUES  OP  n FOR  ADIABATIC  EXPANSION  OF  STEAM  AND  GASES. 

1.  VALUES  FOR. STEAM. 

a.  Saturated  Steam,  variation  of  n with  initial  pressure  and 
quality . 

Rankine  seems  to  have  been  the  first  to  obtain  an  expression 
for  the  adiabatic  expansion  of  steam.  He  stated  as  a result  of  his 
calculations  that  the  adiabatic  change  of  state  may  be  closely  repre- 
sented by  the  equation 

Px  Vx^  = Pg  Vg’^  = C 

where  n = 10/9,  or  1.111.  Rankine  apparently  only  examined  cases 
where  the  steam  was  initially  dry  at  the  beginning  of  expansion. 

Grashof  concluded  that  n was  more  nearly  equal  to  1.140  for 
adiabatic  expansion  of  initially  dry  saturated  steam,  this  being  the 
only  condition  he  examined. 

Zeuner  in  reviewing  Rankine’ s and  Grashof ’s  values  observed 
that  neither  of  these  writers  had  examined  the  case  where  the  steam 
was  initially  composed  of  a mixture  of  vapor  and  water,  a condition 
occurring  often  in  engineering  practice,  and  showed  that  for  such  a 
case  these  values  do  not  hold.  He  also  showed  that  n varied  in  value 
with  the  initial  pressure.  Zeuner  therefore  computed  values  with  the 
aid  of  his  steam  tables  for  different  initial  states  of  pressure  and 
quality.  He  found  that  the  change  in  initial  pressure  had  only  a rel- 
atively small  influence  when  compared  with  the  initial  quality  and 
gives  the  values  shown  in  Table  14  as  closely  applicable  to  all  pres- 
sures common  to  engineering  practice. 

He  concluded  that  these  values  were  closely  expressed  by  the 
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1 jfrora  the  separately  determined  values  is. 18^  and  the  maximum  error 
^ .64^.  By  the  use  of  this  equation  the  writer  constructed  the  table  of 

values  given  in  Table  17.  In  this  table  the  equation  was  assumed  to 
hold  between  the  pressure  limits  of  20  to  240  lb.  per  sq.  in.  absolute 
and  the  quality  limits  of  1.00  and  0.50. 

In  comparing  these  values  of  Table  17  with  the  values  given 
by  Zeuner’s  equation  in  Table  14,  we  see  that  if  we  compare  Zeuner’s 


difference  of  only  .1^,  but  that  this  is  only  true  at  this  pressure. 
The  value  1.115  at  a quality  of  0.80  given  by  Zeuner  holds  between  the 


pressure  between  the  limits  of  20  to  240  lb.  If  we  compare  the  value 
of  n for  saturated  steam  given  by  Zeuner,  1.135,  with  the  value  of  Ta- 


' ion  that  the  steam  expanded  to  5 lb.  absolute  in  the  case  of  the  pres 
I sures  of  50,  100,  and  150  lb.,  and  to  10  lb.  absolute  in  the  case  of 


all  pressures.  At ■ 20  lb.  it  is  low  1»Q%,  and  at  240  lb.  it  is  low 
3.1^.  For  all  pressures  and  for  initial  qualities  of  0.80  and  0.75  i 
does  not  differ  more  than  .36^.  These  are  the  only  conditions  under 
which  the  value  10/9  could  be  used  without  serious  error. 


Comparing  the  values  of  Table  17  with  Grashof’s  value,  1.14C> 
we  see  that  this  value  is  in  much  better  accord  with  the  conditions  of! 


gineering  practice.  Between  the  pressure  limits  of  80  to  240  lb.,  it 
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can  be  obtained  for  these  conditions.  

If  we  desire  a simple  equation  of  the  form  given  by  Zeuner 
which  will  represent  without  serious  error  the  values  of  n for  common 


pressures  and  qualities,  the  values  found  in  the  column  of  140  lb. 
seem  to  be  the  best  that  can  be  obtained.  Substituting  the  value  of 
P = 140,  in  Professor  Goodenough’s  equation  we  obtain 

n = 1.015  .123  x 

The  errors  made  by  the  use  of  this  equation  vary  from  a max- 
imum value  of  .64^  at  the  quality  1.00^ to  1*4^  at  the  quality  0.50. 
b.  Superheated  Steam. 

The  values  of  n for  superheated  steam  are  considerably  high- 
er than  the  values for  saturated  steam.  This  difference  may  be  expect- 
ed as  superheated  steam  behaves  like  a gas  in  its  changes  of  pressure, 
volume,  and  temperature.  The  value  of  n is  not  as  high,  however,  as 
that  of  most  gases,  such  as  air. 

Zeuner  gives  as  a result  of  experimental  data  and  theoreti- 
cal considerations,  a value  of  n equal  to  1.333  or  4/3.  He  assumes 
that  this  value  holds  for  all  pressures  and  temperatures  common  to  en- 
gineering practice. 

I Mr.  W.  G.  Hiller  under  the  direction  of  Prof.  Goodenough, 

computed  separately  values  of  n under  the  conditions  shown  in  Table 
18,  using  the  same  method  which  Stone  used  for  saturated  steam.  He 
computed  resulting  volumes,  pressures  and  temperatures  from  the  fol- 
lowing characteristic  equations  due  to  Professor  Goodenough. 

log  P = C - K (p  -b  I p^) 


where 


(0.856571  log  TfO.OOOl  T - s - 0.4300) 


0.26392 


K = 


A m n 


0.25392  T^*^! 


log  m = 9.50308 


the  initial  pressure  which  varied  from  113,5  lb.  to  490,1  lb.  These 
values  of*  n were  plotted  by  the  writer,  as  shown  in  Fig.  3,  to  degrees 


variation  of  pressure  does  not  enter  to  any  appreciable  extent  in  in- 
fluencing the  values.  The  positions  of  the  points  lead  to  the  belief 
that  the  determining  factor  is  the  degree  of  superheat.  The  line 
shown  has  been  taken  to  represent  as  closely  as  the  data  warrants  the 
relations  existing  between  the  value  of  n and  the  degree  of  superheat. 
For  this  relation  the  following  equation  has  been  adopted  to  represent 
with  fair  accuracy  the  values  obtained  by  Hiller. 


This  equation  entails  an  average  error  of  .27^  from  Hiller’s 
values  and  a maximum  error  of  .46^.  Table  19  was  consti'u.cted  by  the 


use  of  this  equation. 

For  problems  common  to  the  range  of  engineering  practice, 
i the  constant  value  of  n,  1.305,  could  be  used  without  serious  error 


i see  that  under  the  conditions  of, Hiller  computed  these  values,  Zeu- 
I ^ 

I ner’s  value  is  high  by  2.5^,  a considerable  difference.  Zeuner’s  o^vn 


description  of  the  method  of  obtaining  this  value  shows  that  it  may  be 
in  error  by  at  least  that  amount. 

2.  VALUES  FOR  OASES. 
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engines  exiiibit  considerable  variation  in  the  relative  proportion  of 
the  constituents.  The  value  of  n for  8Xij  gas  is  the  value  of  the  ra- 
tio C /Cy,  and  its  constency  depends  on  the  relative  constancy  of  the 
Value  of  C and  at  different  temperatures.  It  seems  certain,  from 
the  experiments  of  Mallard  ^d^Chatelier , that  the  values  of  Cp  and 
increase  vrith  increase  of  temperatures,  but  the  ratio  G^/C^,  at 
temperatures  common  to  actual  gas  engine  cycles,  is  verj?’  closely  con- 
stant. Most  of  the  following  data  on  the  value  of  n for  gases  has 
been  taken  from  Guldner. 

The  value  of  n depends,  in  any  particular  mixture,  on  the 

relative  proportion  of  the  constituents.  This  may  be  seen  from  the 

values  of  n for  different  gases  given  in  Table  20,  taken  from  Guldner. 

This  table  shows  that  by  different  proportions  of  these  gas- 
es in  a mixture  we  may  obtain  values  of  n between  the  extreme  limits 
of  1.210  and  1.418.  Thus  n for  illuminating  gas  alone,  for  example, 
may  have  a value  of  1.5152,  while  for  a mixture  of  this  gas  with  air  in 

the  proportion  of  1 to  12,  the  value  rises  to  1.402,  or  very  nearly 

the  value  of  pure  air.  After  com.bustion,  the  analysis  of  the  gas 

changes,  causing  a change  of  n,  the  effect  being  a lowering  of  its 

an 

lvalue  because  of  increase  in  proportion  of  COo  and  HoO.  Thus  for  the 
I A fj 

mixture  cited  above,  the  value  of  n after  combustion  is  1.587,  a drop 
of  1.1^.  This,  in  a hypothetical  case  of  an  ideal  gas  engine  cycle, 
would  cause  an  appreciable  difference  in  the  shape  of  the  expansion 
curve. 

Table  21  gives  all  the  data  necessary  to  compute  the  value 
I of  n for  the  case  of  one  sample  of  illuminating  ga.s  without  air.  The 
case  of  this  same  illuminating  gas  with  varying  ratios  of  air/gas  is 
given  in  Table  22.  This  table  gives  the  data  for  the  same  gas  with 
varying  combustible  ratios  of  air/gas  such  as  would  obtain  in  gas  en- 
Lgine  nrfl.ctice.  
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Table  23  gives  the  data  and  values  after  combustion  of  the 

different  mixtures  of  Table  22. 

The  value  of  n for  any  particular  gas  or  gaseous  mixture  is 
found  as  in  Table  21.  In  general,  rich  gases,  as  illuminating  gas  or 
natural  gas,  require  very  large  ratios  of  air/gas  and  therefore  have 
values  of  n very  near  the  value  for  pure  air,  1.410.  In  the  case  of 
lean  gases,  as  blast  furnace  gas,  or  producer  gas,  requiring  small  ra- 
tios of  air/gas,  the  value  of  n is  lower  or  nearer  the  value  of  n for 
the  gas  alone.  The  limits  for  ordinary  gases  and  mixtures  are  between 
the  values  of  1.  320  and  1.405,  while  after  comhustion  these  values 
are  lowered  somewhat,  in  general  about  1 to  2$, 

The  range  of  values  for  gaseous  mixtures  is  not  nearly  so 
large  as  with  steam. 

3.  VALUES  FOR  AIR  COMPRESSORS. 

The  proportion  of  the  constituents  of  air  is  almost  always 
constant,  so  that  the  values  Op  and  are  always  constant  if  we  are 
discussing  them  at  temperatures  in  the  range  of  compressor  practice. 
This  makes  the  ratio  n = Cp/C^  = a constant. 

The  value  of  n for  air  has  been  determined  many  tim.es  by 
different  investiga.tors  in  different  ways.  La  Place,  in  his  formula 
I for  the  velocity  of  air,  which  contains  n,  determined  the  value  to  be 
1.403.  Dulong  in  experimenting  on  the  oscillations  of  air  in  pipes 
found  the  value  to  be  1.421.  Wtillner,  in  some  verj^  careful  experi- 

a 

|ments,  taking  into  account  the  temperature  found^to  be  1.4053  at  32, 
and  1.4029  at  212? 

The  degree  of  variation  in  determining  this  constant  will 
be  seen  from  Table  24. 

Zeuner  after  discussing  all  the  values  and  the  experiments 
supporting  them,  concludes  that  the  value  1.410  most  closely  fits  the 
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case  or  pure  ary  air.  ^ ~ 1 

Zeuner  also  shows  that  in  cases  of  water  injection  in  com- 
pressors, used  to  keep  down  the  temperature,  that  the  value  of  n does 
not  change  materially  from  1.410. 

V 

The  value,'  1.40,  is  now  considered  to  be  the  best  value  ob- 
tainable. 

4.  VALUES  OF  n FOR  COMPRESSED  AIR  ENGINES. 

The  temperatures  existing  in  the  engines  using  comipressed 
air  for  the  active  medium  are  not  far  below  those  existing  in  compres- 
sors. Within  the  range  covered  by  both,  the  value  of  n is,  as  far  as 
can  be  ascertained,  practically  constant,  and  will  be  taken  as  1.40. 

5.  VALUES  FOR  AIvilvIONIA. 

The  properties  of  ammonia  have  not  been  as  thoroughly  inves- 
tigated experimentally  as  those  of  air  and  the  vapor  of  water.  The 
value  of  n depending  on  the  value  of  the  ratio  Cp/C^,  therefore  is  not 
as  certain  as  the  values  for  the  other  working  medi\im.s  given.  Using 
the  values  of  Cp  = 0.52,  and  = 0.40,  we  get 

n = 0.52/0.40  = 1.30. 

This  value  will  be  accepted  as  constant  and  as  the  best  val- 
ue obtainable  at  present.  It  will  be  seen  that  this  value,  1.30,  is 

I 

; very  near  to  the  value  adopted  for  superheated  steam,  1.305.  The  na- 

j 

I ture  of  superheated  ammonia  and  steam  is  very  similar. 

I 

6.  VALUES  FOR  GAS  AND  COg. 

I Illuminating  gas  is  often  compressed  to  send  it  to  outlying 

[districts  in  cities,  and  then  reduce  its  pressure  for  distribution, 
i The  value  of  n here  depends  in  each  case  on  the  value  of  the  ratio 
C_/C„  from  the  analysis  of  the  particular  gas  compressed. 

It  ^ 

The  analysis  and  values  of  the  gas,  made  by  the  N.  0.  Gas 
Co.,  New  Orleans,  La.,  which  is  compressed  to  send  it  to  outlying  dis- 

jtricts  of  Hew  Orleans,  is  given  in  Table  25. 
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The  writer  aesisted  on  a test  of  Compressor  #S  of  this  plant 
on  Jan.  9,  1909,  references  to  which  are  given  in  other  parts  of  this 
thesis.  The  value  of  n for  this  gas,  1.M9,  is  considerably  higher 
than  the  value  of  the  gas  given  in  Table  21,  1,552.  This  is  due  to 
the  very  much  larger  proportion  of  CO  in  the  gas  of  Table  25,  and  il- 
lustrates well  the  variation  of  this  value  with  gases  of  similar  heat- 
ing value,  but  with  a different  proportion  of  the  same  constituents. 

Lummer  and  Pringsheim  give  the  value  for  COg  as  1.2961  from 
their  experiments.  Guldner  gives  the  value  as  1.295.  This  correspond' 
closely  with  the  experimental  value,  1,2961,  and  will  be  assumed  to  be 
as  accurate  a value  as  can  be  obtained  at  present , 
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CHAPTER  V. 

LABORATORY  TESTS. 

1.  VALUES  OP  n FOR  STEAl'I  OBTAINED  UNDER  DIFFERENT  CONDITIONS  WITH  THE 
STEAM  ENGINE. 

It  is  plain,  from  the  great  range  of  values  of  n for  stesm 
Bhown  in  Chap.  Ill,  that  the  conditions  under  which  these  values  were 
obtained  must  have  been  subject  to  wide  variation.  The  engines  dif- 
fered in  type,  size,  speed,  steam  pressure,  steam  distribution  as  af- 
fected by  valve  action,  and  extent  of  leakage.  Obviously  comparisons 
could  not  be  made  of  these  examples.  It  was  decided,  therefore,  to 
study  the  value  of  n under  known  conditions  containing  as  few  varia- 
bles as  possible,  with  the  hope  that  some  explanation  mi^t  be  found 
when  the  effect  of  only  one  variable  at  a time  was  studied. 

With  these  requirements  and  the  m.eans  at  hand,  a single  cyl- 
inder, long-range  cut-off,  12  in.  X 24  in.  Corliss  engine,  located  in 
the  Mechanical  Engineering  Laboratory  of  the  University  of  Illinois, 
was  selected  for  the  tests.  A description  of  this  engine,  the  means 
of  loading,  the  controlling  of  conditions,  and  the  test  methods  will 
be  found  in  Appendix  I. 

Logarithmic  diagrams  plotted  by  the  writer,  from  the  ^ne 
cylinder  with  different  cut-off  positions,  showed  that  the  value  of  n 
was  higher  as  the  cut-off  was  lengthened.  There  was  a large  variatioi 
I in  n where  the  conditions  of  cylinder  size,  speed,  steam  pressure,  anc, 
' steam  distribution  were  the  same.  The  only  variable  shown  by  the  dia- 
gram was  the  length  of  cut-off . It  was  also  observed  that  n was  much 
higher  with  superheated  steam  than  with  saturated  steam,  under  the 
same  general  conditions.  The  only  important  variable  in  these  two  ca- 
ses to  account  for  this  was  the  quality  of  the  steam  mixture  at  cut- 
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off,  or  the  proportion  of  the  total  weight  of  mixture  in  the  cylinder 
which  was  present  as  steajn  at  cut-off.  All  cases  examined  of  super- 
heated steam,  at  nomal  cut-off,  showed  n to  be  over  1.0,  and  as  high 
as  1.341,  and  all  cases  of  small  engines  using  saturated  steam  showed 
n to  be  lower  than  1.0,  and  sometimes  as  low  as  0.70.  This  led  to  the 
conclusion  that  the  quality  at  cut-off  was  the  largest  single  control 
ling  factor  in  the  accompanying  value  of  n.  Therefore  the  effort  was 
made  to  vary  the  quality  at  cut-off  betv/een  the  widest  practicable 
limits,  and  to  measure  this  quality  accurately  in  the  tests. 

It  was  desired  to  study  the  effect  upon  the  value  of  n of 
varying  the  quality  at  cut-off,  under  different  conditions  of  pressure 
and  speed.  All  tests  were  run  with  the  steam  exhausting  from  the  cyl 
inder  at  about  atmospheric  pressure  into  a surface  condenser. 

Seventy-four  tests  were  run  in  16  series.  Of  this  number  60 
tests  in  14  series  were  selected  as  fulfilling  the  requirements  decid 
ed  upon  to  give  reliable  data.  Each  series  consisted  of  4 to  5 sepa- 
rate tests,  differing  from  one  another  only  in  the  length  of  cut-off, 
with  the  same  conditions  of  pressure  and  speed.  The  cut-off  was  varie 
in  nearly  uniform  steps  from  about  5^  to  45^  of  the  length  of  the 
stroke,  and  was  the  means  of  varying  the  quality  at  cut-off,  when  us- 
ing either  saturated  or  superheated  steam. 

The  14  series  v/ere  divided  into  2 divisions  of  7 series  each 
one  division  being  run  with  saturated  steam,  and  the  other  with  steam 
superheated  to  500*^ F at  the  superheater. 

Each  division  consisted  of  5 series,  run  at  different  gage 
pressures  with  constant  speed,  and  2 series  run  at  different  speeds 
with  constant  pressure.  The  steam  pressures  used  were  57.5,  76.5,  95, 
113,  and  132  lb.  gage  with  the  engine  running  at  120  R.P.M. , this  be- 
ing the  no-load  speed.  The  other  speeds  employed  were  90  R.P.M.  and 
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and  150  R.P.M.  at  the  gage  pressure  of  115  lb.  This  gave  the  effect 
of  the  use  of  5 steam  pressures  at  one  speed,  and  3 speeds  at  one  pres- 
sure. 

Wide  variation  of  the  quality  at  cut-off  was  obtained  by  the 
use  of  saturated  and  superheated  steam,  in  conjimction  with  different 
lengths  of  cut-off,  under  the  same  conditions  of  pressure  and  speed. 

The  qualities  obtained  ranged  from  about  0.50  to  0.90,  covering  the 
range  usually  found  in  practice  with  the  type  of  engine  tested. 

The  qualities  at  cut-off  were  found  by  the  method  shown  in 
Appendix  II.  The  values  of  n were  obtained  by  the  logarithmic  method 
described  in  Chap.  III.  The  values  of  both  quality  and  n given  are 
the  a.verage  of  the  results  obtained  from  one  set  of  head  end  and  crank 
end  diagrams  for  each  test,  selected  in  the  manner  described  in  Appen- 
dix II. 

The  general  log  of  the  29  tests  vrith  saturated  steam  is 
shown  in  Table  26.  Table  27  contains  the  results  of  the  31  tests  with 
superheated  steam.  Table  28  shov/s  the  averages  of  similar  series, 
called  groups,  run  at  the  same  pressure  and  speed,  with  both  saturated 
and  superheated  steam. 

I For  any  one  group  of  two  series  of  tests,  as  has  already 

been  pointed  out,  the  only  variables  are  the  length  of  the  cut-off, 
and  the  quality  at  cut-off,  which  will  be  called  Q in  subsequent  dis- 
cussion . 

All  the  simultaneous  values  of  Q and  n obtained  from  the  60 
'tests  are  plotted  in  Fig.  4.  A study  of  this  figure  shows  beyond 
question  that  as  Q increases  in  value,  n increases  also.  The  values 
all  lie  in  a region  which  has  a definite  trend  towards  higher  simulta- 
neous values  of  Q and  n.  Observing  the  general  trend,  it  is  seen  that 
there  is  no  exception  to  this  general  relation.  No  value  of  n below 
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l,d)00,  for  instance,  is  found,  for  values  of  £ above  0.80,  and.  no  value 
of  n above  1.100  is  found  for  values  of  Q below  0.72. 

It  is  also  apparent  that  the  points  with  late  cut-off,  ob- 
tained from  saturated  steam  for  given  values  of  Q and  n,  are  in  the 
same  region  occupied  by  the  points  with  early  cut-off  obtained  from 
supcrWecjtfcol  steam  for  the  same  given  values  of  Q and  n.  Examining  the 
region  of  n = 0.900  - 1.000  and  of  Q = 0.55  - 0.70,  we  see  that  the 
points  obtained  with  late  cut-off  with  saturated  steam,  and  with  early 
cut-off  with  superheated  steam,  lie  indiscriminately  together.  This 
shows  conclusively,  in  a general  way,  that  the  value  of  n is  practi- 
cally independent  of  the  cut-off  position,  even  thou^  this  may  vary 
from  5^  to  45^,  and  that  it  depends  solely  on  the  value  of  Q. 

The  points  shown  in  Fig.  4 occupy  a relatively  wide  region 
until  they  are  separated  into  the  various  groups  of  similar  pressures 
and  speeds . 

The  points  for  each  group  were  plotted  separately,  and  sepa- 

dei e Y- in  e,d 

rate  curves  were^for  each  condition.  From  preliminary  plotting,  the 
relations  v/ere  found  to  be  expressed  closer  by  straight  lines  than  any 
other  family  of  curves.  The  method  used  to  draw  these  lines  will  be 
given  for  Group  F,  which  includes  Series  VIII,  with  4 tests,  and  Se- 
ries XVI  with  4 tests.  This  is  shown  in  Fig.  5.  All  points  were  giv- 
en equal  weight.  The  average  of  all  the  coordinates,  or  the  ’’center 
of  gravity^  was  found  and  the  condition  imposed  that  the  line  pass 
through  this  center  as  an  axis,  and  that  the  slope  be  determined  by 
the  position  of  the  points.  The  points  in  Group  F were  divided  into 
four  logical  groupings,  and  the  center  of  gravity  found  for  each  grouT 
ing . The  line  was  then  dravm  as  shown,  V/here  points  were  located  so 
that  logical  grouping  was  in  doubt,  various  groupings  were  made,  and 
each  given  weight  in  determining  the  slope. 


The  equation  of  the  curve  selected  is 
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Q = 1.258  n - 0.614. 

The  average  deviation  of  the  points  from  this  line  is  2 .6^(measured 
from  the  zero  of  Q),  and  the  maximum  deviation  is  4.6^.  This  average 
deviation,  2.6^,  is  smaller  than  that  for  most  of  the  groups.  The 
straight  line,  in  most  cases,  represents  the  points  found  as  close  as 
any  other  curve  that  could  he  employed,  and  has  the  merit  of  simplify- 
ing greatly. the  subsequent  use  made  of  the  relations  for  the  different 
groups . 

The  values  of  n for  Group  F were  also  plotted  to  the  various 
accompanying  cut-off  positions  at  which  each  test  was  run.  This  is 
shown  in  Fig.  6.  These  points,  by  their  position,  show  definitely  for 
one  group  v/hat  has  been  shown  in  general  in  Fig.  4,  that  n is  not  a 
function  of  the  cut-off  value  within  the  limits  examined. 

a.  Effect  of  Varying  the  Steara  Pressure  at  Constant  Speed. 

The  relations  of  Q and  n were  determined  separately  for  all 
groups  by  the  method  outlined  for  Fig.  >5".  The  lines  for  the  five 
pressures  used,  comprising  the  results  of  Groups  A,  B,  C,  D,  and  G 
v/ere  replotted  as  shown  in  Fig.  7.  Tliis  figure  also  contains  other 
curves  that  vrill  be  discussed  in  Chap.  VI.  The  lines  Bhown  give  the 
relations  of  Q and  n for  various  absolute  pressures  at  cut-off,  all 

I 

I obtained  with  a speed  of  120  R.P.M.,  measured  at  no-load. 

I These  curves  were  then  examined  to  find  the  effect  of  vary- 

ing the  cut-off  pressure (designated  as  P)  on  the  relations  of  Q and  n 

■ I 

In  Fig.  7,  the  constant  pressure  curves  were  intercepted  at  constant 
values  of  n,  and  the  coordinates  of  Q and  P for  the  points  of  inter- 
section plotted  in  Fig.  8.  This  process  was  repeated  at  intervals  of 
i 0.05,  for  the  values  of  n,  from  0.850  to  1.250.  The  resulting  points 
^ did  not  give  smooth  curves,  but  after  considerable  study  and  trial, 
curves  were  adopted  as  shown.  The  method  used  was  as  follows:  the 
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maxinixm  value,  from  the  evidence  of  Fig.  7,  was  assumed  to  be  at  the 
value,  P = 95;  the  values  for  P = 61  and  P = 78  were  combined,  and  the 
center  of  the  line  connecting  each  pair  used  as  one  point;  with  these 
assumptions  the  curves  were  drawn.  Since  the  relation  of  Q and  n at 
constant  speed  and  pressure  is  a straight  line,  the  lines  on  Pig.  8 
were  drawn  by  interpolation  to  increments  in  the  value  of  n to  0.01. 

This  procedure  gave  a series  of  relations  between  Q and  P 
for  constant  values  of  n.  Since,  however,  the  independent  variables, 
in  any  actual  curve  under  examination,  are  n and  P,  the  coordinates  of 
the  curves  of  Fig.  8 were  changed  so  as  to  show  the  relations  of  n and 
P at  constant  values  of  Q.  These  relations  are  shown  in  Chap.  VII  as 
Fig . 50 . 

The  effect  of  pressure  on  the  relatione  of  Q and  n is  not 
great  between  the  limits  of  75  to  150  lb.  An  approximate  equation  has 
been  worked  out,  therefore,  which  represents  the  relations  of  Q and  n 
at  an  average  pressure  between  the  limits  mentioned.  The  equation 
Corresponds  to  the  relations  at  129  lb.  and  is  of  the  form 

Q = 1.245  n - 0.576 

b.  Effect  of  Varying  the  Speed  at  Constant  Pressure. 

Groups  D,  E,  and  F were  run  at  speeds  of  120,  90,  and  150 
R.P.M.  respectively, (all  speeds  being  measured  at  no-load)  with  the 
cut-off  pressure  on  the  diagrams  constant  at  111  lb.  absolute. 

The  regulation  of  the  governor  wa.s  very  poor,  there  being 
about  a 10^  drop  in  speed  from  no-load  to  full  load.  For  this  reason, 
the  relations  of  Q and  n with  various  speeds  at  constant  pressure  were 
affected  by  considerable  variation  of  the  speed  it  self  for  each  grouj 

The  relations  for  each  group  were  found  as  already  describe^, 
and  the  curves  plotted  in  Fig.  9.  The  relation  of  speed (designated  ae 
S)  and  Q for  constant  values  of  n was  derived  from  Fig.  9,  and  is  giv- 
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The  apparent  relations  of  Q,  S,  and  n,  obtained  by  drawing  a 
smooth  curve  through  the  three  points,  obtained  for  each  value  of  n,  is 
not  satisfactory  owing  to  insufficient  data  and  the  change  of  the 
speed  itself  in  the  three  groups  due  to  poor  regulation. 

The  drop  in  the  speed,  for  one  group,  does  not  seriously  af- 
fect, however,  the  relations  of  Q and  n for  the  various  pressures  at 
constant  speed. 

Reliable  values  of  Q are  also  relatively  difficult  to  obtain 
at  speeds  as  low  as  90  R.P.M. 

2.  RELATION  OB^  THE  VALUES  OB'’  n TO  THE  QUALITY  OF  THE  STEAli  MIXTURE  AT 
CUT-OFF. 

From  the  evidence  obtained  from  these  tests,  it  may  be  stat- 
ed positively  that,  for  any  one  engine,  running  at  a given  pressure 
and  speed,  there  is  a definite  relation  betvj-een  Q and  n which  is  prac- 
tically  independent  of  the  cut-off  position.  This  relation  is  appar- 
ently a linear  one.  It  may  also  be  stated  that  the  relation  of  Q and 
n is  dependent,  to  some  extent,  on  the  absolute  pressure  at  cut-off, 
and  the  speed  of  the  engine. 

After  all  these  tests  were  made,  the  writer,  in  preparing 
Chap.  IV,  found,  to  his  surprise,  that  the  value  of  n for  adiabatic 

] 

expansion  varied  considerably  with  the  initial  quality,  and,  to  a 
smaller  extent,  with  the  initial  pressure.  When  this  fact  was  known, 
it  seemed  entirely  reasonable  that  the  same  law  should  hold  in  cylin- 
ders, but  perhaps  greatly  modified  and  exaggerated  by  the  action  of 
'the  cylinder  walls. 

It  only  remained  to  compare  the  relations  of  Q and  n for  th€ 


engine  tested  with  those  for  other  engines.  This  comparison  is  given 
in  Chap . VI . 
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CHAPTER  VI . 


I DISCUSSION  OP  CYLINDER  ANALYSIS  BY  THE  NEV/  METHOD. 

1.  DOES  THE  LAW  PV^  = C HOLD  FOR  CURVES  FROM  PRACTICE? 

I It  has  long  been  known  that  adiabatic  expansion,  or  compres- 

\ Sion,  of  any  elastic  medium  takes  place  substantially  according  to  the 

ji 

!'  law  PV—  = C.  The  values  of  n are  different  for  different  media,  and 

I 

sometimes  vary  for  the  same  medium,  with  different  conditions  of  the 
initial  state.  These  values,  for  media  commonly  used  in  reciprocating 
engines,  are  given  in  Chap.  IV. 

In  practice,  however,  expansion  is  never  adiabatic,  but  is 
Changed  in  character  by  the  presence  of  the  metal  surrounding  the  work 
ing  medium,  and  by  imperfection  of  mechanism.  Since  the  actual  change 
of  state  is  not  adiabatic,  the  question  arises  as  to  how  it  has  been 
changed  in  character,  and  whether  this  modified  expansion  still  obeys 
the  law  PV—  = C . 

Many  investigators  have  examined  the  curves  from  actual  dia- 


grams to  clear  up  this  point  for  steam.  These  include  Zeuner,  Le- 
loutre,  Liiders,  Perry,  Him,  and  Dwelshausers-Dery . They  find  that 
expansion  in  steam  cylinders  takes  place  substantially  according  to 
the  law  PV—  = C,  but  that  n varies  in  value  between  wide  limits  in  dif 
ferent  cases. 

The  writer  has  examined  about  ZOO  diagrams  from  eninges  us- 
ing steam,  gas,  air  and  ammonia  to  investigate  this  point.  As  a re- 
sult, it  may  be  stated  that,  in  the  case  of  the  great  majority  of  en- 
gines using  elastic  media,  expansion  and  compression  take  place  sub- 
stantially according  to  the  law  PV-  = C.  Certain  exceptions,  however, 
have  been  found,  and  the  causes  studied.  These  causes  are  treated  in 

the  next  section  of  this  Chapter. 
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The  writer^s  method  of  a.nalysis  ia  founded  mainly  on  this 
fact:  free  from  certain  abnormal  influences,  expansion,  or  compression 
of  elastic  media,  takes  place  in  cylinders  according  to  the  law  PV—  = 

C . 

a.  Examples  of  Logarithmic  Diagrams  from  Various  Types  of  Engines 
r,The  logarithmic  diagrams,  obtained  by  plotting  the  indicator 
diagrams  as  described  in  Chap.  Ill,  are  of  a distinctly  different 
shape  from  either  the  PV-diagram  or  the  temperature-entropy  diagram. 
While  the  various  typical  forms  of  PV-diagrams  assume  rather  different 
shapes  after  plotting,  yet  the  resultant  figures  retain  in  a general 
way  the  peculiar  characteristics  of  each  PV  type,  except  that  these 
peculiarities  are  exaggerated. 

Various  typical  PV-diagrams  and  the  derived  logarithmic  dia- 
grams are  given  in  Pigs.  11-24.  They  include  examples  from  many  types 
of  engines  using  steam,  gas,  air,  and  ammonia  as  the  active  media. 

The  values  of  n for  the  curves  are  given  in  each  figure. 

The  types  of  steam  engines  represented  include  Corliss,  high 
speed,  auxiliary  cut-off,  poppet  valve,  single  acting,  and  locomotive 
engines . 

The  gas  engine  diagram.s  include  two  four-cycle  types,  one 
using  blast  furnace  gas,  and  the  other  a Diesel  engine  using  crude  pe 
troleum . 

The  air  diagrams  contain  one  set  from  a com.pound  air  locorao 
tive,  and  one  set  from  a two-stage  air  compressor. 

These  figures  show  most  of  the  typical  forms  of  diagrams 
that  are  obtained  in  practice.  At  first  sight  the  logarithmic  dia- 
grams all  look  distorted,  but,  after  the  meanings  of  the  different 
lines  become  clear,  they  begin  to  seem  as  natura,!  as  the  PV-diagram  tc 
which  we  are  so  well  accustomed  by  long  use. 
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These  logarithmic  diagrams  show  how  clearly  the  law,  PV—  = 

C,  holds  in  actual  curves  from  a great  variety  of  engines  using  dif- 
ferent media. 

2.  CASES  WHERE  THE  LAW,  PV-  = C,  DOES  NOT  HOLD. 

The  curves  of  expansion  and  compression,  obtained  from  PV - 
diagrams,  do  not  always  follow  the  law,  PV^  = C.  This  fact  is  due  to 
several  causes,  some  of  which  have  been  definitely  determined.  These 
causes  will  be  treated  separately. 

a.  Wrong  Clearance,  or  wrong  Location  of  the  Zero  line  of  Pressurjt^ 

The  law,  PV^  = C,  is  only  true  when  P and  V are  measured  in 
absolute  units.  The  clearance  must  be  accurately  determined  in  order 
to  give  absolute  values  of  V.  The  scale  of  the  spring,  for  the  PV  di 
agram  analyzed,  must  be  known,  and  the  atmospheric  line  drawn  by  the 
indicator,  in  order  to  locate  the  zero  line  of  pressure.  The  units 
used  for  P or  V may  be  of  any  denomination,  but  they  must  be  measured 
from  the  zero  of  P and  V. 

When  a curve,  PV—  = C,  is  plotted  on  logarithmic  paper,  the 
resultant  curve  is  a straight  line.  The  value  of  n,  as  already  ex- 
plained, is  the  slope  of  this  line,  measured  from  any  two  points. 

When  the  values  of  P and  V are  not  absolute  values,  this  curve  is  no 
longer  a straight  line,  but  becomes  a curve  of  the  second  degree.  The 
Value  of  n,  being  the  slope  obtained  from  two  points  on  this  cur-ve,  is 
no  longer  constant  for  all  parts  of  the  curve,  but  varies  from  point 
to  point. 

Therefore,  when  PV-diagrams  are  transformed  to  logarithmic 
diagrams,  the  values  of  both  P and  V must  be  measured  in  absolute  u- 
nits.  When  these  values  are  not  in  absolute  units,  the  resulting 
curve  is  not  of  the  form,  PvE.  = C,  and  therefore  is  not  a straight 
line  on  logarithmic  paper.  The  shape  of  the  curve  obtained,  when  the 
2^alues__of_j^al  are  not  in  absolute  units,  is  given  in  Fig 
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b.  Leakage. 


The  lav;  applies  only  to  cases  where  the  weight  of  the  work- 
ing medium  remains  constant  during  any  expansion  or  compression.  I'Then 
this  weight  changes  materially,  either  by  leakage  into,  or  out  from, 
the  cylinder  containing  the  medium,  the  resulting  expansion  or  com- 
pression no  longer  follows  the  law,  but  becomes  a curve  on  logarithmic 
paper.  This  is  very  clearly  shown  in  the  curves  from  engines  where 
large  leaks  were  known  to  exist. 

i 

The  first  case,  shown  in  Pig.  25,  occurred  in  a 10  in.  X 19 
in.  gas  engine,  intended  for  producer  gas,  but  using  illuminating  gas 
at  high  compression.  The  piston,  a single-acting  tinank  type,  allowed 
a large  leak,  clearly  detected  by  the  noise  of  escaping  gas,  at  the 
beginning  of  the  stroke.  Both  the  compression  and  expansion  curves 
show  the  effect  of  this  leak  in  a clear  manner  when  transferred  to  the 
logarithmic  form.  After  that  portion  of  the  stroke  was  reached  where 
no  sound  of  leakage  was  heard,  the  two  curves  became  straight  lines. 
This  indicated  very  clearly  that  the  effect  of  leakage,  if  appreciable, 
may  be  detected  in  the  form  of  the  curves  of  the  logarithmic  diagram. 

I The  second  case,  shown  in  Pig.  26,  is  from  a 14  in.  X 55  in. 

^Corliss  engine.  The  knowledge  of  the  leaky  condition  of  the  piston 
and  valves  came  from  the  engineer  in  charge,  but  was  told  to  the  wri- 
ter by  Professor  0.  A.  Leutwiler,  who  took  the  diagram  shown. 

: The  expansion  and  compression  lines  indicate  by  their  shape 

j at  the  upper  ends,  a large  leak  from  the  cylinder,  either  by  the  pis- 
1 ton,  or  through  the  exhaust  valve.  The  lines  also  show,  by  the  raia- 
I ing  of  the  curves  at  the  lower  ends,  a considerable  addition  to  the 
steam  in  the  cylinder  during  both  expansion  and  compression.  This 
steam  could  only  come  from  a large  leak  in  the  steam  valve.  The  sever 

k 

other  diagrams  taken  from  this  same  engine  all  showed  the  effect  of 
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leakage  in  a similar  manner.  1 

The  third  case  of  known  leakage,  shown  in  Fig.  27,  is  from 
an  11  l/4  in.  X 22  in.  double-acting  ammonia  compressor.  This  cylin- 
der was  known  to  be  in  very  bad  condition  as  regards  wear  and  leakage 
of  piston  and  valves.  The  re-expansion  curves,  by  the  enormous  amount 

of  re-expansion  shown,  indicate  large  leakage  into  the  cylinder  during 

cuv-ve^ 

this  operation.  The  lower  part  of  the  compressior^  by  rising,  indi- 
cates leakage  into  the  cylinder,  either  past  the  piston  or  through  the 
discharge  valves.  The  upper  part  of  these  curves  indicates  leakage 
from  the  cylinder,  either  past  the  piston,  or  through  the  suction 
valves . 

These  three  examples  show  abnormal  conditions  which  are  com- 
paratively rare.  The  distinguishing  of  one  type  of  leak  from  another 
is  treated  in  Chap.  VII. 

c.  Low  speed  in  Steam  Engines, 

Very  low  speeds  of  rotation,  together  with  very  low  piston 
speeds,  will  cause  the  com.pression  curve  to  deviate  from  the  law  PV— = 
C,  The  most  common  cases  of  this  effect  are  seen  in  the  ”hook” , or 
excessive  condensation,  near  the  upper  end  of  compression  curves. 

These  ’’hooks”  are  found  almost  altogether  in  small  engines  having  very 
! low  piston  speeds,  and  in  larger  engines  with  small  clearance,  having 
very  low  rotational  speeds,  as  in  pumping  engines. 

j Diagrams  containing  ”hooks”  in  the  com.pression  curves  have 

1 i 

‘been  published  by  Professor  Dwelshauvers-Dery  from  the  experimental 
engine  at  Liege.  This  is  an  example  of  a very  low  speed  in  a small 
i engine.  The  size  was  12  in.  X 24  in.,  and  the  speed  from  50  to  60 
R.P.M.  That  this  hook  was  caused  by  low  speed  and  consequent  exces- 
sive condensation,  was  proved  to  the  satisfaction  of  the  writer  in  the 
case  of  the  engine  described  in  Appendix  I.  This  engine  was  also  12 
in.  X 24  in.,  but  was  operated  at  from  90  to  150  R.P.M.  In  no  case 
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was  a hook  in  the  compression  curve  obtained  during  the  tests,  al- 
though some  1600  diagrams  were  taken.  A set  of  diagrams  from  these 
tests  is  shown  in  Fig.  2,  and  shows  no  sign  of  a hook.  On  one  occasio]:. 
hoViTever,  the  diagram  shown  in  Fig.  28  was  obtained.  This  was  taken 
just  after  the  engine  was  started  from  cold,  and  had  been  brought  up 
to  a speed  of  120  R.P.M.  In  conjunction  with  the  other  diagrams  ob- 
tained from  this  engine  in  regular  operation,  this  hook  is  believed  to 
be  due  to  excessive  condensation  while  the  cylinder  was  comparatively 
cold. 

The  writer  has  taken  diagrams  with  the  hook  present  in  the 
compression  curves  from  only  tvro  other  engines;  one  was  an  8 l/2  in. 

X 12  in.,  running  at  110  R.P.M. , and  the  other  5 in.  X 6 in.,  running 
140  R.P.M. 

This  excessive  condensation  at  the  end  of  compression,  or 
near  the  dead  center,  is  due  to  the  fact  that  the  deleterious  surface 
effect  of  the  cylinder  walls  is  so  enormous  compared  with  the  weight 
and  volume  of  steam  present  at  this  point. 

The  three  causes  treated  above  are  believed  to  be  the  import' 

I 

! ant  conditions  that  cause  the  curves  in  practice  to  depart  materially 
from  the  law  PV^  = C.  Sometimes  only  one  of  these  conditions  is  pres- 
ent, while  in  other  cases,  a combination  of  these  may  influence  the 
resulting  curves.  The  separation  of  these  conditions,  by  their  effect 
j on  the  curves,  is  treated  in  Chap.  VII. 
i5.  RATIONAL  METHOD  OF  APPROXIMATING  CLEARANCE. 

a.  Method  of  Graphical  Trial  and  Error. 

‘ In  the  cases  of  the  great  majority  of  diagrams  analyzed,  the 

curves  became  straight  lines  in  the  logarithmic  diagram.,  showing  that 
the  law  PV~  = C was  applicable,  or  in  other  words,  that  n was  a con- 
stant for  one  curve.  The  clearances  furnished  with  the  diagramis  ana- 
Llvzed  had  all  been  carefully  found  bv  the^ displacement  m.ethod.  
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It  was  desired  to  see  what  forms  the  lines  assumed  when  the 
clearance  was  taken  larger  or  smaller  than  the  measured  quantity.  The 
diagram  shown  in  Pig.  29,  taken  from  a 42  in.  X 60  in.  gas  engine,  was 
used  for  this  purpose.  The  true  clearance,  carefully  measured  as 
18.0^,  was  used  in  the  full  diagram.  Trials  were  made  with  clearances 
assumed  as  14.0,  16,0,  20,0,  and  22,0  per  cent  of  the  piston  displace- 
ment. With  the  clearance  of  18,0^,  the  curves  became  almost  perfectly 
straight  lines.  With  the  values  of  clearance  less  than  18,0,  it  is 
seen  that  the  lines  become  bent  to  the  left,  and  with  values  over  18.0 
the  lines  become  bent  to  the  right.  Hence  the  straight  line  for  the 
value  18.0  is  the  transition  between  the  family  of  curves  bending  to 
the  left  representing  a clearance  smaller  than  the  real  value,  and  the 
family  of  curves  bending  to  the  right  representing  a clearance  larger 
than  the  real  value. 

The  practical  significance  of  this  fact  is  that  we  have  now 
available  an  entirely  rational  method  of  approxim.ating  the  clearance 
of  any  cylinder,  using  an  elastic  medium,  which  has,  as  a part  of  the 
cycle  of  operation,  an  expansion  or  a compression.  This  method  is 
based  on  the  fact,  already  mentioned,  that  in  practice  all  elastic  me 
dia,  except  in  certain  exceptional  conditions,  obey  substantially  the 
law  PV—  = C,  when  subject  to  change  of  state,  and  therefore  becom.e 
straight  lines  in  the  logarithmic  diagram. 

This  method  requires  only  the  scale  of  the  indicator  spring 
to  be  known,  and  the  atmospheric  line  to  be  drawn,  in  order  to  locate 
the  zero  line  of  pressure.  The  order  of  procedure  necessary  to  make  a 
trial,  and  the  degree  of  accuracy  obtained  in  any  given  case,  is  shown 
in  detail  in  Chap.  VII  for  a 25  5/8  in.  X 57  5/8  in.  gas  engine.  All 
that  is  necessary  is  to  assume  different  values  of  clearance,  and  plot 
the  logarithmic  diagram  for  each  assumed  value.  The  straight  line  po- 
sition  of  the  curves  is  found  by  trial  and  error  as  lying  between  the 
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two  diverging  families  of  curves  representing  too  small  and  too  large 
clearance . 

It  follows  also,  from  the  curves,  sho^vn  by  Fig.  29,  that,  thii 
clearance  being  known,  the  scale  of  the  spring  used  may  be  obtained  in 
the  same  manner  if  the  atmospheric  line  is  given. 

b.  Mathematical  Interpretation  of  the  Clearance  Trial  Method. 

The  results  obtained  from  the  graphical  method  of  trial  and 
error  may  also  be  accomplished  by  the  use  of  the  purely  mathematical 
process  upon  which  the  method  depends. 

The  law  PV—  = C holds,  thus  n is  a constant  for  any  part  of 
the  curve.  V/hen  the  wrong  clearance  is  used,  the  law  PV~  = C does  not 
lold,  and  n varies  from  point  to  point.  In  the  graphical  method,  tri- 
als of  various  values  of  clearance  are  made,  until  the  curves  become 
approximately  straight  lines.  This  resultant  straight  line  is  there- 
fore the  law  PV—  = C,  in  which  n is  a constant  for  all  parts  of  the 
curve.  The  one  condition  necessary  to  be  fiilfilled,  therefore,  is 
that  n be  constant  for  all  parts  of  the  curve,  but  not  of  any  particu- 
lar value. 

To  illustrate  the  use  of  the  mathematical  method  in  Fig.  29 
jlet  us  assume  several  points,  as  ^4^4  various 

intervals  on  one  of  the  curves,  as  on  the  compression  curve  at  the 
clearance  value  14,0.  It  is  desirable  for  convenience  to  locate  the 
points  at  about  equal  intervals,  as  shown.  The  law  PV—  = C is  assumed 
; to  hold.  Then  for  two  points,  P]^V  2_sJ^d  PgVg,  called  group  a,  we  have 


P V — = 
^I'^l 

C,  . , . 

(1) 

Pn^o-  = 
2 2 

C.  . . . 

(2) 

Equating  these. 

we  obtain 

pgVg-  = 
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the  compression  curve  in  Fig.  29,  is  generally  the  better  guide  in  th6 
graphical  trials.  This  is  well  shown  in  Fig.  29.  A given  difference 
in  the  values  of  clearance  used  for  trial  causes  more  horizontal  varia 
tion  in  the  position  of  the  compression  curve  than  in  the  expansion 
curve.  This  fact  allov7s  closer  locations  of  the  straight  line  region 
transition  to  be  made  from  the  compression  curve  than  from  the  expan- 
sion curve. 

4.  RATIONAL  METHOD  OP  OBTAINING  THE  STROKE  POSITION  OF  CYCLIC  EVENTS. 


It  is  often  desirable  to  know  at  what  part  of  the  stroke  the 
cyclic  events  occur.  This  knowledge  can  be  best  obtained  from  the  PV- 
diagram.  For  ordinary  purposes  these  events  can  be  closely  located  on 
the  PV-diagrams  in  most  cases.  Thus  on  a diagram  from  a Corliss  en- 
gine, cut-off  may  generally  be  located  to  within  l/l6  inch.  The  actu- 
al beginning  of  compression,  however,  can  never  be  accurately  on  the 
PV-diagram.  Compression  itself  begins  after  the  exhaust  valve,  in 
closing,  has  acquired  enou^  seal  to  prevent  leakage.  This  point  is 
generally  at  least  5 lb.  above  the  back  pressure.  The  point  of  no 
leakage  cannot  be  seen  because  the  curve  of  compression,  and  the  curve 
during  the  time  the  valve  has  insufficient  seal,  are  of  the  same  di- 
rection of  curvature,  and  are  not  reverse  curves  as  in  the  general 
case  of  admission  and  expansion. 

The  fact  that  expansion  and  compression  of  a constant  weight 
of  medium,  take  place  according  to  the  law  PV—  = C,  thus  becoming 
straight  lines  on  logarithmic  paper,  enables  us  to  locate  cyclic  e- 
vents  very  closely,  even  in  cases  where  they  cannot  be  detected  at  all 
in  the  PV-diagram. 

An  example  is  shown  in  Fig.  17.  These  are  locomotive  dia- 
grams taken  at  short  cut-off  and  high  speed.  The  events  at  cut-off, 
release,  compression,  and  lead  are  very  difficult  to  locate  on  such 
diagrams.  These  events  are  located  on  the  logarithmic  diagram  by 
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no t ing  \7hen  the  expansion  and  compression  curves  become  straight,  in- 
dicating  a constant  weight  of  steam.  A sufficient  number  of  points 
are  plotted  to  show  clearly  the  direction  of  the  diagram  near  the  e- 
vents  desired.  Thus  these  events,  even  though  obscure  in  the  PV-dia- 
gram,  may  be  located  to  within  about  l/l6  inch  in  the  logarithmic  dia- 
gram, or  to  about  l/25  inch  on  the  PV-diagram.  This  is  almost  as  ac- 
curate as  is  the  diagram  itself. 

The  use  of  this  method  has  one  great  advantage  in  that  it  e- 
liminates  largely  the  variable  element  of  personal  judgment.  The  writ- 
er has  seen  PV-diagrams  where  two  persons  have  located  an  event,  such 
as  cut-off,  l/s  inch  apart,  each  location  being  the  best  judgment  of 
the  person  doing  the  work.  The  logarithmic  diagram  will  at  all  times 
give  closer  locations  of  events  for  these  reasons  than  will  the  PV-di- 
agram . 

5.  A RATIONAL  METHOD  OF  COMPUTING  STEAlvI  CONSUMPTION  FROM  THE  INDICATOR 
DIAGRAIvi. 

The  most  reliable  method  of  determining  the  steam  consump- 
tion of  any  engine  is  to  measure  or  weigh  the  water  directly,  prefera- 
bly  by  a surface  condenser.  This  necessitates  an  elaborate  test, 
which  disturbs  the  routine  of  the  plant  tested,  and  is  very  costly  for 
i long  tests  of  large  engines.  The  objections  to  testa  of  this  kind  are 
many;  and  a few  of  them  will  be  stated.  ’JThen  the  boiler  feed  is  meas- 
ured, both  the  engine  and  the  boilers  serving  it  have  to  be  entirely 
disconnected  from  other  units.  This  sometimes  necessitates  shutting 
down  the  rest  of  the  plant.  Almost  all  tests,  where  there  is  more 
! than  one  unit,  necessitate  changes  in  heavy  and  permanent  piping. 
Boilers  are  apt  to  leak  in  service,  and  the  measurements  of  these 
leaks  are  unsatisfactory.  One  serious  objection  to  long  time  tests  is 
that  the  different  rates  of  steam  consumption  cannot  be  separated. 

ideal  method  of  testing  a steam  engine  would  be  a method 
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analogous  to  that  used  with  electrical  machines,  that  is,  to  measure 
instantaneous  rates  of  consumption  instead  of  the  water  consumed  over 
a long  time. 

On  account  of  the  cost  and  difficulties  of  making  a test, 
many  engineers  have  devised  methods  of  approximating  the  steam  con- 
sumption without  actually  measuring  it. 

\7hen  indicator  diagrams  were  first  obtained,  the  loss  from 
initial  condensation,  or  the  existence  of  the  "missing  quantity",  was 
not  suspected.  The  opinion,  therefore,  was  that  the  consumption  could 
be  measured  from  the  steam  shown  by  the  diagram  at  cut-off.  After 
Isherwood  made  his  tests  on  the  U.  S.  S.  "Michigan",  the  existence  of 
this  "missing  quantity"  was  revealed.  The  very  great  difference,  in 
the  proportion  that  this  "missing  quantity"  bears  to  the  total  weight 
of  mixture  present,  either  at  cut-off  or  during  expansion,  that  is 
found  in  different  types  and  sizes  of  engines  has  prevented  any  relia- 
ble determinations  of  the  actual  steam  consumption  by  this  method. 

The  steam  consumption  computed  from  the  diagram,  when  using  saturated 
steam,  is  generally  from  10^  to  50^  below  the  actual  consumption. 

The  devising  of  an  accurate  method  of  measuring  the  actual 
weight  of  steam  consumed  from  the  diagram  has  therefore  been  regarded 

I 

as  impossible.  Thurston  states  that  "the  steam  or  water  consumption 
of  an  engine  cannot  be  exactly  ascertained  by  the  use  of  the  indica- 
tor" for  the  reasons  mentioned.  Most  other  writers  on  the  subject 
have  expressed  similar  views. 

Methods  of  computing  the  weight  of  the  "missing  quantity", 

} from  the  physical  dimensions,  type,  and  speed  of  the  engine  consid- 
ered, as  shown  by  the  results  of  large  numbers  of  tests,  have  been  de-' 
vised  and  published  by  Escher,  Cotterill,  Heck  and  others.  The  re- 
sults obtained  by  these  methods  have  not  been  uniform,  and  do  not  a-  | 

closely^^ough  with  the  test  results  to  be  used  with  confidence.! 
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Professor  Heck  states  that  the  consumption  computed  by  the  use  of  his 
formula  should  ordinarily  not  show  more  than  10^  difference  from  the 
test  results. 

The  significance  of  the  facts  disclosed  in  Chap.  V,  that  the 
proportion  of  this  variable  and  unmeasured  condensed  steam,  the  "mis- 
sing quantity”,  controlled  absolutely,  in  any  one  engine,  the  value  of 
n for  the  resulting  expansion  curve,  furnishes  us  with  an  entirely  ra- 
tional method  of  computing  the  actual  weight  of  steam  and  water  pres- 
ent from  the  indicator  diagram. 

The  relation  of  Q and  n,  for  the  same  engine,  has  been  showr 
to  be  very  definite  under  the  same  conditions  of  pressures  and  speed. 
This  relation,  or  dependence  of  n upon  Q,  however,  is  not  seriously 
affected  by  changes  of  pressure  and  speed  within  the  limits  of  the 
tests . 

The  ordinary  speeds  of  similar  types  of  engines,  70  to  120 
R.P.M.,  do  not  affect  the  relation  seriously  enough  to  be  taken  into 
account  when  examining  such  cases.  This  is  because  of  the  two-fold 
character  of  speed,  in  its  influence  upon  the  action  of  the  cylinder 
walls . 

The  engine  experimented  upon  was  operated  at  120  R.P.M.,  anc 
had  a stroke  of  2 feet.  Other  engines  of  this  class  run  at  speeds  as 
low  as  70  R.P.M.,  but  have  strokes  of  5 or  6 feet.  Cylinder  conden- 
sation is  not  dependent  upon  rotative  speed  alone,  but  is  also  influ- 
enced by  the  piston  speed,  as  determined  by  the  length  of  the  stroke. 
On  account  of  different  lengths  of  stroke,  different  engines  cannot 
be  compared  on  the  basis  of  rotative  speed.  Thus  while  the  small  en- 
gine tested  has  a rotative  speed  of  120  R.P.M.,  its  piston  speed  is 
only  480  feet  per  minute.  In  large  engines,  while  the  rotative  speed 
may  be  only  70  R.P.M.,  yet  with  strokes  of  6 feet,  the  piston  speed 
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is  840  feet  per  minute.  ^/iHiat  the  small  engine  gained  by  higher  rota- 
tive  speed,  the  large  engine  made  up  by  higher  piston  speed. 

After  taking  into  account  the  tv/o  parts  of  which  speed  is 
Composed,  it  is  found  that  the  speeds  of  stationary  engines  of  the 
type  tested  are  in  substantially  the  same  range.  On  account  of  this 
fact  only  the  results  of  the  tests  run  at  120  R.P.M.  have  been  used  in 
the  applications  made  at  present. 

The  relation  of  Q and  n has  been  found  to  be  practically  in- 
dependent of  cylinder  size.  This  statement  is  true  for  un jacketed 
cylinders  and  for  pressures  in  the  range  examined.  This  is  shown  in 
the  following  discussion  for  saturated  steam. 

Cast  iron  is  universally  used  for  steam  cylinders.  The 
greatest  source  of  loss  in  the  cylinder  is  due  prim.arily  to  the  use  of 
a metallic  structure  from  practical  considerations.  The  skin  surface 
of  this  metal,  which  is  a fairly  good  conductor,  must  be  heated  once 
every  cycle  from  the  temperature  acquired  from  contact  with  e^diaust 
steam,  up  to  nearly  the  temperature  of  the  admission  steam,  this  heat- 
ing being  accomplished  by  the  condensation  of  some  of  the  incoming 
steam. 

j TTie  amount  of  this  condensation,  measured  as  the  proportion 

I of  the  mixture  present,  varies  with  the  size,  valve  design,  relative 

i 

! 

I roughness  of  the  interior  surface,  temperature  range,  length  of  cut- 
off, speed,  location  of  ports  and  port  passages,  quality  of  the  steam 
supplied,  and  the  jacketing  and  lagging.  It  can  easily  be  seen,  from 
the  number  and  relative  magnitude  of th«.&evariables,  that  the  computa- 
tion of  the  weight  of  condensation,  by  means  of  a formula  which  will 
take  these  variables  into  account,  can  never  be  an  accurate  operation. 

. The  writer,  after  many  examinations  into  the  cases  of  dif- 
ferent types  and  sizes  of  engines,  with  un jacketed  cylinders  in  good 

^rder,  and  with  pressure  limits  similar  to  those  used  with  the  tests. 
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finds  that,  while  the  initial  condensation  is  subject  to  the  action  of 
ten  or  more  variables,  yet  the  value  of  n resulting  from  a given  value 
of  Q is  almost  always  substantially  the  same.  A few  of  the  applica- 
tions proving  this  point  will  be  found  in  Table  29.  Here  the  cylinder 
sizes  vary  from  14  l/2  in.  X 13  in.  to  28  l/2  in.  X 59  l/2  in.,  the 
speeds  from  60  to  250  R.P.M,,  and  the  types  include  slow  speed  Corliss, 
high  speed,  and  locomotive  engines.  The  possibility  of  calculating 
accurately  the  weight  of  condensation  in  these  different  cases  may  be 
easily  imagined. 

The  phenomena  caused  by  the  presence  of  the  cylinder  walls, 
in  the  class  of  engines  discussed,  have  been  found  to  be  divided  into 
two  natural  classes:  those  occurring  before  cut-off,  and  those  occur- 
ring after  cut-off. 

The  phenomena  occurring  before  cut-off  are  controlled  by  the 
action  of  the  ten  or  more  variables  already  mentioned,  and  therefore 
are  subject  to  all  the  variation  that  may  occur  in  any  individual  case 

CO  p u1"  V 

to  be  examined.  E'or  this  reason  any  method^the  condensation  accurate- 
ly is  open  to  objection. 

The  phenomena  occurring  after  cut-off  are  practically  inde- 
pendent of  all  variables  except  Q,  and  the  initial  pressure  and  speed. 
Of  these  variables,  only  the  value  of  Q and  the  initial  pressure  have 
proved  to  be  of  material  importance  in  the  applications  made  thus  far. 

This  may  be  summed  up  by  stating  that  the  value  of  Q,  in  any 
particular  case,  is  subject  to  the  action  of  many  important  variables, 
but  that  the  resulting  value  of  n is  independent  of  these  variables, 
but  depends  only  upon  the  value  of  and  the  pressure  and  speed  at 
which  0^  was  obtained. 

It  appears  therefore  that  this  new  method  of  approximating 
the  value  of  Q at  cut-off,  from  experimentally  determined  relations, 
^^^nd^thus  accountinp^  f*Q£_^the^^^|*mds3l^ig^c|u  , is  upon  much  surer 
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ground  than  any  method  of  computing  condensation  from  the  physical 
facts  surrounding  the  case.  It  approaches  the  problem  from  the  side 
where  the  phenomena  occurring  are  practically  independent  of  all  the 
variables  mentioned.  This  fact  adds  greatly  to  the  accuracy  obtained, 
and  with  the  applications  given,  shows  that  an  accurate  and  entirely 
rational  method  of  computing  the  actual  steam  consumed  from  the  indi- 
cator diagram  alone  has  at  last  been  devised. 

This  new  method  is  free  from  several  objections  to  which 
tests  are  open.  It  measures  the  consumption  in  one  revolution,  and  is 
therefore  practically  measuring  a rate  instead  of  a quantity . The  on- 
ly data  needed  for  a determination  are  one  set  of  indicator  diagrams, 
taken  simultaneously,  the  physical  constants  of  size  and  clearance, 
and  the  speed  of  the  engine  tested.  No  interruption  of  any  kind  in 
the  routine  of  a plant  is  caused,  and  the  expense  incurred  is  not  to 
be  compared  with  that  of  an  equally  accurate  test.  It  is  accurate  e- 
nough  for  almost  all  purposes  except  guarantee  tests,  subject  to  bonus 
and  forfeit  contracts.  In  the  case  of  locomotives  on  the  road,  it  is 
the  only  possible  method  of  measuring  the  steam  consumption  of  the 
main  engines,  due  to  the  use  of  steam  by  the  air  pump,  steam  heat, 
blower,  generator  sets,  safety  valves,  whistles,  blow-off  valves,  and 
j leaks.  The  seme  is  true  of  marine  engines,  where  many  auxiliaries  are 
supplied  with  steam  from  the  same  boilers,  and  exhaust  into  the  same 
surface  condensers.  The  method  is  especially  useful  for  non-condens- 
I ing  engines,  where  the  boiler  feed  measurement  method  is  the  only 
j practical  one.  Steam  consumption  may  be  obtained  as  often  as  is  de- 
sired instead  of  probably  once  in  the  engine’s  life. 

The  relations  of  Q and  n given  in  Chap.  V are  applicable. 


however,  only  to  un jacketed  cylinders  exhausting  at  very  close  to  at- 
mospheric pressure.  When  the  back  pressure  is  raised  to  50  lb.,  for 
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instance,  there  is  a new  series  of  relations  existing  for  the  same  in- 
itial pressures,  due  to  a different  temperature  range  in  the  cylinder, 
and  consequent  alteration  of  the  phenomena  occurring  after  cut-off. 
Steam  jackets  also  alter  the  phenomena  after  cut-off,  and  therefore 
have  to  be  examined  separately  for  the  relations  of  Q and  n. 

These  facts  make  it  necessary  to  examine  the  relations  of  Q 
and  n for  several  different  classes  to  include  existing  engines.  It 
is  proposed  to  examine  these  classes  in  the  near  future. 

Since  the  analysis  rests  entirely  on  the  indicator  diagram, 
great  care  must  be  observed  in  taking  these  diagrams.  The  indicator 
itself  must  be  an  accurate  instrument  in  the  best  possible  condition. 
The  indicator  connections  must  be  short  and  direct.  An  extensive  in- 
vestigation by  Professor  YI , F.  M.  Goss  shov/s  that  long  and  indirect 
pipe  connections  materially  alter  the  shape  and  character  of  the  ex- 
pansion curves.  A correct  reducing  mechanism,  practically  free  from 
lost  motion,  must  be  used  so  as  to  reproduce  the  actual  expansion. 

The  arrangement  of  having  one  indicator  at  each  end  of  the  cylinder  is 
always  to  be  preferred  with  engines  of  considerable  size. 

The  applications  of  this  method  must  be  made  with  judgment 
and  care.  If  large  leakage  exists,  only  an  approximate  solution  can 
be  obtained,  as  certain  assumptions,  treated  in  Chap.  VII,  have  to  be 
made.  Unfortunately  only  persons  who  understand  thorou^ly  the  dif- 
ferent steps  involved  will  be  able  to  use  this  new  method  with  satis- 
faction. This  is  because  of  the  character  of  the  steps  upon  which  the 
method  rests. 

6.  RELATION  OF  ADIABATIC  VALUES  OF  n FOR  STEAI^  TO  EXPERIMENTALLY  DE 
TERMINED  VALUES. 

The  adiabatic  relations  of  Q and  n for  the  pressures  used  ir 
the  tests  are  plotted  in  Pig.  7.  The  action  of  the  cylinder  walls  is 

no  definite  relation  exists  between  the  two  sets 
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of  values. In  a general  way,  it  can  be  seen  that  the  value  of  ^ in  a 
cylinder  has  a much  greater  effect  on  the  resulting  value  of  n than 
for  adiabatic  expansion. 

Owing  to  lack  of  time,  no  extensive  study  of  this  subject 
was  undertaken.  This  relation  is  not  considered  to  be  of  much  import- 
ance . 

7.  WHY  IS  THE  LOGARITHMIC  DIAGRAM  MORE  USEFUL  FOR  ANALYSIS  THAN  ANY 
OTHER  DIAGRAM? 

The  logarithmic  diagram  is  more  useful  for  analysis  than  anj? 
other  form  of  diagram  because  of  the  natural  limitations  of  the  human 
mind.  We  do  not  possess  the  power  to  distinguish  between  curves.  We 
are,  however,  able  to  see  clearly  the  differences  in  these  curves  af- 
ter they  have  been  transformed  into  straight  lines,  which  fact  alone’ 
makes  this  new  method  of  analysis  possible.  We  are  now  enabled, in 
their  straight  line  form,  to  comprehend  curves  which  we  have  always 
seen,  but  could  not  distinguish  one  from  another  in  their  original 
condition. 


iniii  I 
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CHAPTER  VII. 

APPLICATIONS  OF  THE  NEW  METHOD. 

1.  DETEMI NATION  OF  CLEARAITCE. 

It  was  desired  to  determine  the  clearance  of  the  diagram 
shown  in  Fig.  31.  From  general  knowledge  of  this  class  of  engines,  a 
trial  was  made  with  the  clearance  assumed  as  12.4^,  a value  purposely 
assumed  as  being  too  small.  This  value  is  seen,  by  the  bending  of 
both  curves  to  the  left,  to  be  much  too  small.  Trials  were  therefore 
made  with  the  clearance  assumed  as  13.8,  15.1,  and  16.0  per  cent  of 
the  piston  displacement.  The  value  of  15.1^  gave  practically  perfect 
straight  lines  for  both  the  expansion  and  compression  curves,  while 
the  value  of  16.0^  shows  that  the  lines  have  begun  to  bend  to  the 
right,  indicating  too  large  a clearance.  By  inspection,  it  will  be  * 
seen  that  the  region  of  fairly  straight  lines  may  be  located  as  lying 
between  the  values  of  about  14.5^  to  15.5^.  The  clearance  is  there- 
Ifore  determined  as  15.0^,  a value  which  may  be  high  or  low  by  not  more 
than  4/^  in  this  case.  This  value,  15.0^,  is  a common  value  for  en- 
gines of  this  class. 

! This  method  is  more  accurate  for  large  clearances  than  for 

[small  ones.  The  closeness  of  location  of  the  straight  line  region, 

i 

lying  between  the  two  families  of  diverging  curves,  will  be  found  to 
be  within  5^  to  10^  of  the  clearance  volume,  for  values  of  clearance 
I between  about  18^  and  2^,  respectively. 

I 2.  DETECTION  OF  LEAKAGE. 

Very  smooth  curves  may  be  obtained  in  the  PV-diagram  even  if 


there  is  large  leakage  taking  place.  This  is  seen  by  referring  to 
Fig.  26,  both  the  expansion  and  compression  curves  being  fairly  regu- 
lar. The  logarithmic  diagram,  however,  shows  clearly,  in  connection 
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with  the  discussion  and  the  examples  shown,  that  large  leakage  of  two  ] 
kinds  was  taking  place  during  expansion  and  compression.  Leakage  whic' 


of  the  diagram,  as  the  weight  of  the  steam  present  is  continually 
changing . 

a.  Location  of  the  Various  Leaks. 

It  is  seldom  found,  when  leakage  occurs  in  a cylinder,  that 
only  one  source  of  leakage  exists.  Leakage  is  usually  the  result  of 
wear,  which  affects  most  of  the  possible  sources  of  leakage  in  about 
an  equal  proportion.  As  a result,  several  leaks  are  generally  affect- 
ing the  curves.  This  is  the  case  in  Figs.  26  and  27.  In  Fig.  26, 
leakage  of  steam  was  taking  place  both  into  and  out  from  the  cylinder. 


ence  in  pressure  is  the  cause  of  this  phenomenon.  In  the  steam  engine 
there  are  three  pressures  which  must  be  considered:  the  pressure  in 
the  steam  chest,  in  the  cylinder  at  the  point  discussed,  and  in  the 
exhaust  passages.  Leakage,  being  due  to  difference  of  pressure,  be- 
comes material  only  when  this  difference  becomes  considerable.  Thus 
leakage  into  or  out  from  a steam  cylinder  has  been  found  to  occur,  in 
[most  cases,  only  when  the  pressure  difference  is  over  30  lb.  In  Fig. 

I 26,  the  leakage  into  the  cylinder,  sho'm  by  the  lower  parts  of  the 
lines,  begins  to  occur  at  about  25  lb.  absolute,  or  35  lb.  lower  than 
the  pressure  at  admission.  The  leakage  out  from  the  cylinder,  shown 
by  the  upper  parts  of  the  lines,  ceases  to  occur  at  a pressure  of  a- 
bout  40  lb.  absolute  for  the  expansion  curve,  and  begins  to  occur  at 
i about  25  lb.  absolute  for  the  compression  curve.  The  difference  of 
pressure  between  the  steam  in  the  cylinder  and  that  in  the  exhaust 
passage  is  about  35  lb.  in  the  first  case,  and  about  20  lb.  in  the 
second  case. 


occurs  during  admission  or  during  exhaust  has  no  effect  upon  the  lines 


In  disci;.ssing  leakage,  it  must  be  kept  in  mind  that  differ- 


This  fact,  found  on  many  diagrams  analyzed,  enables 
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divide  the  lines  roughly  into  three  equal  parts  on  the  logarithmic  di- 
agrara, (when  these  lines  extend  from  the  initial  pressure  to  nearly  the 
back  pressure):  1st,  the  upper  third,  influenced  by  leaks  out  from  the 
cylinder;  2nd,  the  middle  third,  practically  uninfluenced  by  leakage; 
3rd,  the  lower  third,  influenced  by  leakage  into  the  cylinder.  Thus 
fairly  reliable  values  of  n,  free  from  the  effect  of  leakage,  may  be 
obtained  from  the  middle  third. 

Returning  now  to  Pig.  26,  both  the  lines  indicate  leaks  out 
from  the  cylinder.  This  can  occur  either  past  the  piston  or  through 
the  exhaust  valves.  The  piston  generally  becomes  leaky  sooner  than 
Corliss  exhaust  valves,  and,  in  this  particular  engine,  one  of  the  pis 
ton  rings  was  found  to  be  broken  upon  examination.  When  diagrams  from 
both  ends  of  the  cylinder  are  available,  piston  leakage  causes  nearly 
equal  effect  on  the  expansion  curves  of  each  end.  The  leakage  into 
the  cylinder  can  come  from  onljr  one  source  which  can  influence  the 
Curves,  that  is,  the  steam  chest.  The  effect  of  this  leak  is  seen  in 
both  lines  in  the  lower  thirds. 

In  Pig.  27,  both  forms  of  leakage  are  shown  in  the  compres- 
sion curves  for  ammonia.  The  lower  thirds  show  leakage  into  the  cyl- 
inder either  through  the  discharge  valves  or  past  the  piston.  The  up- 
per thirds  of  the  lines  show  large  leakage  from  the  cylinder,  caused 
by  the  condition  of  either  the  suction  valves  or  the  piston.  Ordinar- 
ily it  is  not  possible  to  distinguish  between  two  leaks  occurring  in 
the  same  third  of  the  curves. 

b.  Computation  of  Leakage. 

Pig.  25  is  an  example  where  only  one  kind  of  leakage  is  pres- 
ent. Here,  to  the  writer’s  knowledge,  the  piston  alone  leaked  badly 
at  the  commencement  of  the  stroke.  The  effect  of  this  leak  is  seen  in 
the  upper  third  of  both  lines. 


men  only  one  kind  of  leakage  exists  it  is  possible  to  com 
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put©  with  fair  accuracy  the  leakage  taking  place  during  expansion  or 
compression.  The  lines  are  extended,  as  shown  in  Pig.  25,  giving  the 
lines  of  constant  weights  of  the  medium.  The  volume  of  gas  that  had 
leaked  during  compression,  up  to  100  lb.  absolute  pressure,  is  then 
seen  to  be  0.014  cu.  ft.,  or  6.5^  of  the  volume  remaining.  The  volume 
of  gas  measured  at  450  lb.,  that  leaked  after  combustion  during  expan- 
sion, is  seen  to  be  0.032  cu.  ft.,  or  18.7^  of  the  volume  remaining 
after  the  leakage  stopped. 

The  leakage  that  took  place  during  combustion  at  the  end  of 
the  stroke  csnnot  be  computed,  but  it  can  be  estimated  by  m.akirig  the 
assumption  that  this  leakage  was  proportional  to  the  mean  rate  of  leak 
age  shown  by  the  two  curves,  and  that  its  duration  was  the  time  inter- 
val from  the  point  A to  the  point  B. 

The  important  result  that  is  attained  by  this  method  is  not, 
however,  the  computation  of  leakage,  but  the  knowledge  that  it  is  tak- 
ing  place,  so  that  it  can  be  located  and  stopped. 

c.  The  Use  of  the  New  Method  in  Testing  for  Maximum  Economy. 

Many  engines  are  sold,  and  their  prices  fixed,  on  the  basis 
oi  their  test  performance.  The  importance  to  the  manufacturer  of  be- 
ing able  to  eliminate  leaks  during  this  test  does  not  have  to  be  em- 
phasized. Does  the  engineer  in  charge  of  the  test  know  whether  the 
engine  is  tight? 

All  our  present  knowledge  of  leakage  is  an  inference  drawn 
from  the  leakage  ’’standing”.  Nobody  knows  whether  an  engine  that  is 
tight  ’’standing”  leaks  vdien  in  operation,  or  vice  versa. 

This  new  method  gives  the  only  information  ever  obtained  up- 
on this  question,  for  it  reveals  leakage  when  the  engine  is  in  regular 
operation. 

This  method  should  be  applied  to  all  engines  about  to  under- 
|go  any  test  where  maximum  economy  is  the  object  desired . 
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d.  Knowledge  as  to  When  General  Repairs  of  the  Cylinder  and  Valve:; 
are  Necessary. 

Leaks  are  caused  by  wear,  poor  design,  and  accidents. 

The  accidents  include  scoring  of  cylinders  and  valves,  cut- 
ting of  valves,  and  cracks  in  the  cylinder. 

Most  leakage  is  the  result  of  wear  and  tear  due  to  long  and 
hard  use.  After  the  wear  and  tear  has  become  marked,  it  is  the  custom 
to  rebore  the  cylinder  and  to  resurface  the  valves  and  valve  seats. 

Several  methods  are  in  use  for  determining  when  general  re- 
pairs are  necessary  for  steam  cylinders.  One  of  these  is  to  judge  the 
time  from  the  general  appearance  of  the  parts  on  inspection.  Cylin- 
ders are  rebored  by  some  engineers  when  they  have  worn  ”out  of  round” 
by  a given  amount.  In  small  plants  the  most  general  method  seems  to 
be  to  wait  until  the  leakage  is  so  large  as  to  become  clearly  noticea- 
ble either  by  the  reduced  capacity  of  the  unit,  or  by  the  effect  upon 
the  coal  pile.  Some  railroad  companies  overhaul  the  cylinders  and 
valves  at  regular  intervals  of,  for  instance,  150,000  miles  of  travel. 
Some  cylinders  in  stationary  plants  are  rebored  at  equal  tim^e  inter- 
vals of  some  four  or  five  years  each. 

I As  a pure  question  of  economy,  general  repairs  should  take 

I place  when  the  extra  annual  cost  of  fuel  and  water  due  to  leakage  e- 

I quals  the  annual  interest  on  the  money  necessary  for  general  repairs. 

This  cost  is  composed  of  several  items:  the  actual  cost  of  the  repairs, 

the  cost  of  losing  the  unit  from  service,  the  interest  on  the  cost  of 

the  extra  capacity  that  may  have  to  be  installed  to  take  the  load  when 

unol 

Units  are  out  of  service, ^the  interest  on  the  money  invested  in  the 
unit  out  of  service. 

It  will  be  appreciated  that  the  existing  methods  of  deter- 


mining when  general  repairs  are  necessary  are  in  a very  haphazard 
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I state  as  regards  economy,  and  that  the  personal  judgment  of  the  man 
making  the  decision  may  be  liable  to  great  variation. 

The  method  of  detecting  leakage  from  the  indicator  diagrams 
offers  a rational  solution  of  this  important  question, 
e.  Interpretation  of  the  Logarithmic  Diagram. 

In  the  discussions  upon  the  effect  of  wrong  clearance,  leak- 
age, and  excessive  condensation  upon  the  lines  of  the  logarithmic  dia- 
gram, it  was  assum.ed,  for  the  sake  of  clearness,  that  only  one  of 
these  effects  existed  at  one  time.  The  examples  were  selected  so  as 
to  illustrate  only  one  of  these  effects  in  each  case. 

Oases  occur  where  several  of  these  effects  exist  at  one  time 
in  the  same  diagram.  The  separation  of  one  effect  from  another  is  not 
an  exact  process.  However,  the  character  of  the  curves  showing  exces- 
sive condensation,  wrong  clearance,  and  leakage  are  quite  different. 
For  instance,  wrong  clearance  affects  the  lines  throughout  their 
length.  Excessive  condensation,  in  the  cases  of  the  steam  diagrams 
examined,  always  affects  only  the  upper  parts  of  the  curves.  Leakage, 
as  has  been  mentioned,  affects  only  the  upper  and  lower  thirds  of  the 
lines,  v;here  these  lines  extend  from  the  initial  pressure  to  nearly 
! the  back  pressure.  Itoen  excessive  condensation  and  large  leakage  ex- 
|ist  together,  no  close  approximation  of  the  clearance  can  be  made, 
j An  adequate  treatment  of  the  segregation  of  these  various 

effects,  when  found  together,  is  beyond  the  scope  of  this  thesis.  The 
I treatment  is  long  and  complicated.  It  has  been  found,  however,  that 
[long  experience  in  the  use  of  logarithmic  diagrams  enables  one  to  sep- 
j arate  these  effects  qualitatively. 

f.  Do  Most  Engines  Leak  ?/hen  in  Operation? 

After  the  analysis  of  about  500  diagrams  of  a great  m.any  en- 
gines of  all  classes,  the  writer  is  of  the  opinion  that  the  great  ma- 
yority  of  engines,  in  good  condition,  are  practically  tight  as  regards 
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leakage  into  or  out  from  the  cylinder. 

5.  COMPUTATION  OF  THE  STEAM  CONSUMPTION  FROM  INDICATOR  DIAGRAMS. 

The  relations  of  Q and  n,  as  determined  for  various  pressur- 
es at  constant  speed  from  the  engine  described  in  Appendix  I,  were 
plotted  in  the  form  of  the  chart  shown  in  Fig.  30. 

The  next  step  was  to  examine,  with  certain  restrictions,  the 
tests  of  other  engines,  and  compare  the  relations  of  Q and  n with 
those  given  in  Fig.  30.  The  restricting  conditions  imposed  were:  1st, 
that  the  tests  should  come  from  reliable  sources;  2nd,  that  the  data 
supplied  should  be  complete  enough  to  be  able  to  compute  the  quanti- 
Ities  needed  for  comparison;  3rd,  that  the  cylinders  be  unjacketed; 

4th,  that  the  diagrams  furnished  should  be  representative  of  average 
conditions;  5th,  that  the  back  pressure  in  the  cylinder  examined  should 
be  practically  atmospheric;  6th,  that  no  large  leaks  should  exist. 

The  values  of  Q,  n,  and  P,  for  the  set  of  diagrams  to  be  ex 
amined,  were  first  found.  Next,  the  values  of  n and  P were  located  in. 
Fig.  30,  and  the  corresponding  value  of  Q found  as  obtained  in  the 
tests  given  in  Chap.  V.  The  value  of  Q obtained  from  the  chart  and 
that  obtained  from  the  test  examined  v;ere  com.pared,  and  the  steam  con- 
sumption, as  computed  by  the  value  of  Q taken  from  the  chart,  was  ob- 
tained. 

The  results  of  ten  tests  which  fulfilled  the  conditions  im- 
posed are  given  in  Table  29.  Four  distinct  classes  of  engines  were 
examined.  These  include  simple  Corliss  or  Pour  Valve  types,  the  H.P. 
cylinders  of  compound  engines,  high  speed,  and  locomotive  engines. 

The  sizes  range  from  14  l/2  in.  X 13  in.  to  28  l/2  in.  X 59  l/2  in. 
and  the  speeds  from  253.4  to  64.7  R.P.M. 

The  final  results,  given  in  Column  26,  show  that  the  average 
steam  consumption  of  all  the  engines,  computed  from  the  diagram,  was 
112^65?;  higher  than  t.hf  t.n.t,  results.  TT..  I 
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I the  computed  and  the  test  results,  irrespective  of  sign,  is  Z,47fo,  ] 

The  maximum  differences  are  7,0%  higher,  and  4.15^  lower,  than  the  test 
results. 

The  results  from  the  approximate  method,  given  in  Column  29, 
show  an  average  difference,  irrespective  of  sign,  of  3.96^,  These  re- 
sults are  not  as  close  as  those  obtained  by  the  use  of  the  chart. 

I The  results  of  the  applications  made  up  to  the  present,  with 

I the  restricting  conditions  imposed,  show  that  the  ste^n  consumption  of 
j engines  may  be  computed  from  the  indicator  diagram  to  within  an  aver- 

, age  difference  of  less  than  4%o  from  the  test  results.  Individual  ex- 

■ 

■ amples,  however,  may  show  as  much  as  8%  difference  in  rare  cases. 

\ 4.  FIELDS  OF  RESEARCH  OPENED  BY  THE  NEW  METHOD. 

: a.  study  of  Leakage  through  Valves  in  Single  Valve  Engines. 

It  is  well  known  that  single-valve  engines,  as  a class,  use 
much  more  steam  than  Corliss  valve  engines  under  the  same  conditions. 
The  most  important  reason  for  this  fact  seems  to  be  leakage  of  steam 
from  the  steam  chest  to  the  exhaust  passage,  under  the  face  of  the 
valve,  without  this  leakage  steam  having  passed  through  the  cylinder 
at  all. 

I j Actual  measurements  of  this  leakage  have  been  made  in  tests 

I by  Callender  and  Nicolson,  a Committee  of  the  Institution  of  Mechani- 
cal Engineers,  and  by  Mr.  George  Mitchell  of  the  University  of  Penn- 
sylvania. All  of  these  experimenters,  on  account  of  the  nature  of  the 
j tests,  were  forced  to  operate  the  engine  tested  under  abnormal  condi- 
! tions . 

! The  new  method  of  accounting  for  the  actual  weight  of  steam 

mixture  present  in  the  cylinder  at  cut-off,  offers  a very  usefiil  tool 
for  research  in  this  field.  The  engine  may  be  operated  under  abso- 
lutely normal  conditions  while  being  experimented  upon. 

1 L=_ Logarithmic  Diagrams  of  Multi -exoansion  Ene-lnos. 

B ' ' 
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The  study  of  the  combined  logarithmic  diagrams  of  multi -ex- 
pansion engines  is  very  profitable  in  the  light  of  the  new  method  of 
analysis.  A combined  diagram  from  a triple-expansion  pumping  engine, 
28  in.  X 54  in.  X 80  in.  X 60  in.,  is  given  in  Pig.  32. 

The  weight  of  steam  mixture  present  may  be  accounted  for 
from  cylinder  to  cylinder  by  means  of  the  relations  of  Q and  n for 
this  class  of  engine.  This  method  of  accounting  would  be  very  useful 
in  investigating  the  problems  of  reheating,  steam  jackets,  and  the 
choice  of  cylinder  ratios. 

c.  Comparing  the  Leakage  of  Engines  *!standing"  and  in  Operation. 

The  standard  methods  of  testing  engines  for  leakage  are  only 
applicable  when  the  engines  are  at  rest.  Callender  and  Nicolson,  in 
their  leakage  experiments,  observed  that  vrhile  a slide  valve  may  be 
perfectly  tight  at  rest,  yet  this  same  valve  may  leak  enormously  in 
motion,  due  to  the  breaking  up  of  the  oil  film. 

A comparative  study  of  the  leakage  of  engines,  both  at  rest 
and  in  motion,  by  the  new  leakage  method  would  be  a very  fruitful 
field  of  research. 

d.  Study  of  the  Springing  of  Locomotive  Valve  Gears. 

The  valve  gears  of  locomotives,  due  to  the  spring  caused  by 
the  inertia  and  lost  motion  of  the  parts,  give  a later  cut-off  at  high 
speed  than  at  low  speed  with  the  reverse  lever  in  the  same  notch.  Va- 
rious expedients  have  been  used  to  m.easure  the  amount  of  this  spring. 
The  most  accurate  method  in  use  at  present  is  to  take  valve  ellipse 
diagrams  from  the  valve  rod.  Experiments  using  this  method  have  been 
undertaken  by  the  University  of  Illinois.  The  Pennsylvania  R.  R.  has 
attempted  to  measure  the  amount  of  this  spring  from  the  difference  of 
cut-off  between  high  and  low  speeds  with  the  same  reverse  lever  posi- 
tion as  shown  by  the  PV-diagrams. 
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The  extremely  close  location  of  out~off  obtainable  from  the 
logarithmic  diagram  enables  the  study  of  the  spring  of  valve  gears  to 
be  carried  on  with  only  the  diagrams  taken  at  various  speeds  with  the 
same  reverse  lever  position. 
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CHAPTER  VIII. 

COMMON  ERRORS  MADE  IN  ANALYZING  STEAJJ  DIAGRAMS  BY  EXISTING  METHODS. 

1.  THE  USE  OF  THE  EQUILATERAL  HYPERBOLA  AS  A STANDARD  OF  COMPARISON 
FOR  STEAI5  DIAGRAl^S. 

The  values  of  n for  the  expansion  curves  of  steam  PV-dia- 
grams  are  subject  to  very  V7ide  variation.  The  extent  of  this  varia- 
tion may  be  seen  from  the  examples  given  in  Chap.  III.  The  range  of 
variation  in  the  examples  analyzed  in  the  present  investigation  is 
from  about  0.70  to  1.Z5.  The  range  of  values  in  the  engine  testedwas 
from  0.835  to  1.234.  It  is  true,  however,  that  the  average  of  all 
values  obtained  is  close  to  1.0.  The  average  value  for  the  engine 
tested  is  1.004. 

The  values  of  n for  most  engines  of  ordinary  size  using  sat- 
urated steam  at  normal  cut-off  are  not  far  from  1.0.  The  explanation 
of  this  value  can  be  easily  seen  from  the  results  of  the  tests  given 
in  Chap.  V,  and  in  the  applications  given  in  Chap.  VII.  The  only  mean 
ing  whatever  that  this  average  value  of  n = 1.0  ever  possessed,  is 
that  the  average  value  of  Q,  in  the  class  of  engines  examined,  lies  in 
the  range  between  0.60  and  0.70. 

The  explanations  given  by  various  writers  for  the  average 
value,  n = 1.0,  are  nothing  short  of  ridiculous  when  the  facts  are 
known.  The  actual  value  in  any  particular  case  has  been  represented 
by  some  writers  as  being  the  erratic  result  of  a hopeless  number  of 
variables.  Other  writers  have  discovered  to  their  satisfaction  that 
the  equilateral  hyperbola  represents  the  only  true  theoretical  expan- 
sion in  a cylinder,  and  call  such  expansion  Mariotte’s  law.  The  law 
of  Boyle  or  Mario tte,  or  the  law  of  isothermal  expansion  of  a perfect 
[Sa3,  has  no  more  bearing  on  the  expansion  of  steam  in  a cylinder  than 
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has  the  moon.  This  last  class  of  writers,  when  finding  a case  where 
n is  much  higher  or  lower  than  1.0,  regard  such  a case  as  the  result 
of  abnormal  and  mysterious  conditions,  and  they  generally  end  up  by 
calling  these  conditions  leakage. 

Some  writers  have  noted  that  superheated  steam  gives  higher 
values  of  n than  1.0.  Did  the  value  of  n rise  to  this  higher  value  at 
one  jump? 

The  only  rational  use  of  applying  the  equilateral  hyperbola 
to  steam  PV-diagrams  is  to  act  as  guide  to  see  whether  n is  greater  or 
less  than  1.0.  If  the  actual  line  is  not  close  to  this  hyperbola, 
then  this  fact  means  that  the  value  of  Q for  the  case  examined  is  less 
than  about  0.60,  or  greater  than  about  0,70.  The  assumption  that  n = 
1.0  as  a standard  of  expansion  is  equivalent  to  assuming  that  the  val- 
ue of  Q is  standard  at  about  0.65. 

The  elaborate  theory  of  analysis  built  on  the  assumption 
that  n = 1.0  is  the  natural  result  in  any  art  where  the  actual  facts 
have  never  been  investigated. 

I The  use  of  the  equilateral  hyperbola  to  predict  the  form  of 

j 

j PV-diagrams  for  the  purposes  of  design  is  entirely  warranted  in  the 
icase  of  ordinary  sizes  of  engines  using  saturated  steam. 

I \^en  steam  superheated  over  100°P  is  used,  the  value  of  n 

I 

i Should  be  assumed  at  between  1.10  and  1.20.  The  high  values  of  n ob- 
tained with  highly  superheated  steam  in  large  engines  alter  materially 
the  division  of  work  and  the  tangential  forces  acting  from  those  ob- 
I tained  when  n is  assumed  to  be  1,0,  This  fact  should  be  considered  in 
i the  design  of  engines  to  use  superheated  steam. 

The  use  of  the  equilateral  hyperbola  to  obtain  the  ratio 
known  as  the  "diagram  factor"  has  no  rational  basis,  but  its  use  for 
this  purpose  gives  results  which  are  valuable  for  the  purposes  of  de- 
[sign. 
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j2.  THE  METHOD  OF  APPROXIMATING  THE  CLEARANCE  OF  STEAM  CYLINDERS  BY  AS- 
SUMING n = 1.0. 

If  n has  the  value  1,0  on  a PV-diagram,  the  clearance  may  be 
found  by  locating  the  zero  of  volume  on  the  zero  line  of  pressure. 

This  process  is  done  graphically  by  reversing  the  method  used  in  con- 
structing the  equilateral  hyperbola. 

In  actual  expansions,  however,  n is  alruost  never  exactly  e- 
qual  to  1.0,  but  is  greater  or  less  as  already  explained.  The  accura- 
cy of  the  result  by  this  method  is  dependent  on  how  close  the  value  of 
n approximated  1.0.  The  clearance  obtained  by  this  method  may  be  as 
much  as  100^  larger  or  smaller  than  the  actual  clearance  volume  in  or- 
dinary cases,  while  errors  of  25^  and  50^  are  very  common. 

A rational  method  of  approximating  the  clearance  cannot  be 
based  upon  the  assumption  that  n = 1.0,  but  only  upon  the  fact  that  it 
be  of  a constant  value,  the  value  itself  being  immaterial. 

3.  DIVISION  OP  PEED  FOR  APPLYING  HIRN’S  ANALYSIS. 

One  of  the  requirements  of  Him’s  analysis  is  that  we  know 

exactly  how  much  steam  was  admitted  to  each  end  of  a cylinder.  These 

amounts  are  not  usually  equal  in  practice,  so  an  assumption  must  be 
made  to  cover  the  needs  of  the  case. 

I The  usual  assumption  is  to  divide  the  feed  between  each  end 

of  a cylinder  in  the  ratio  of  the  values  of  the  mean  effective  pres- 

sure shown  by  the  PV-diagrams  from  the  two  ends.  This  assumption  is 
jprobably  not  far  from  the  actual  division  in  most  cases,  and  is  the 
, best  that  can  be  done  under  the  circumstances. 

In  the  light  of  the  facts  presented  in  this  thesis,  this 
feed  may  now  be  divided  on  a more  rational  basis.  It  has  been  found 
that  the  presence  of  the  piston  rod  in  only  one  end  of  the  cylinder 

. This  fact  enables  us 


|ias  no  apprecia,ble  effect  upon  the  value  of  n 
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to  diviae  tne  reea  acooraing  to  tne  volumes  filled  and  the  vaiUbfci  ol'  • 
Q as  determined  by  the  resulting  values  of  n.  This  method  is  believed 
to  be  the  closest  solution  obtainable  in  the  case  where  the  supply  for 
each  end  of  the  cylinder  cannot  be  separately  determined. 

4.  COMBINED  STEM'I  DIAGRAIaS  . 


grams  of  steam  engines,  except  the  measure  of  the  diagrara  factor  for 
the  purposes  of  design. 

One  of  the  uses  that  has  been  made  of  the  combined  diagram 
is  to  see  whether  continuity  of  expansion  exists.  It  has  been  assumed 
by  various  writers  that  continuitjr  of  expansion  should  exist. 

A study  of  the  relations  of  Q and  n shows  that  continuity  of 
expansion  does  not  and  should  not  exist  except  under  very  special  con- 
ditions . 


5.  COMPUTING  THE  WEIGHT  OF  STEAM  RETAINED  IN  COMPRESSION. 

The  best  obtainable  investigations  indicate,  when  saturated 
steam  is  used,  that  the  stesjn  in  the  cylinder  is  dry  at  the  closure  of 
the  exhaust  valve.  As  shown  by  the  logarithmic  diagrams,  leakage  of 
the  steam,  in  compression  continues  until  the  exhaust  valve,  in  clos- 
ing, has  acquired  considerable  seal. 


retained  in  compression  generally  lies  between  the  points  A to  B,  and 
C to  D of  ii’ig . 1.  As  the  weight  of  steam  retained  is  yet  decreasing, 
the  point  selected  nearly  always  accounts  for  more  steam  than  was  ac- 
tually retained.  In  other  v.^ords,  we  do  not  find  the  value  of  Q to  be 
as  hi^  as  it  actually  is. 


the  present  investigation.  The  straight  line  of  the  compression  curve 
on  the  logarithmic  diagram,  or  the  line  of  constant  weight  of  steam. 


Very  little  of  value  is  obtained  from  the  combined  PV-dia- 


The  point, which  is  selected  to  compute  the  volume  of  steam 


The  following  method,  shown  in  Fig.  1,  has  been  adopted  in 


shown  to  the  back  pressure.  The  in- 
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CHAPTER  IX. 

CONCLUSIONS. 

The  following  conclusions  have  been  drawn  from  the  data  col- 
lected in  this  research,  as  applicable  to  reciprocating  engines  using 
elastic  media,  and  having  as  a part  of  the  cycle  of  operation,  an  ex- 
pansion, a compression,  or  both. 

1 . The  indicator  diagram,  taken  with  a correct  reducing  mo- 
tion and  with  a reliable  indicator,  contains  the  evidence  necessary 
for  a very  coniplete  and  useful  analysis  of  cylinder  pcrj^oY-man  ce. 

2.  The  logaritlunic  diagram,  derived  from  the  indicator  dia- 
gram, discloses  a new  and  very  complete  analysis  of  cylinder  perform- 
ance. 

3.  Leakage (if  appreciable )may  be  reliably  detected  from  the 
logarithmic  diagram,  and  may  in  some  cases  be  com^puted  in  volume. 

4.  The  clearance  of  cylinders  may  be  found  by  graphical  tri- 
al on  logarithmic  paper  to  within  5^  to  10^  of  its  actual  value,  de- 
pending as  the  clearance  itself  varies  from  18^  to  2^J^,  respectively. 

Of  the  piston  displacement. 

5.  The  cyclic  events,  even  though  entirely  obscure  in  the 
indicator  diagram,  may  be  located  on  the  logarithmic  diagram  to  well 
within  l/l6  inch,  this  quantity  being  the  equivalent  of  about  l/25 

I inch  when  retransferred  to  the  indicator  diagram, 

6 . The  actual  water  consumption  of  steam  engines  may  be  ob- 
tained by  means  of  a new  method  from  the  indicator  diagram,  within  the 
limitations  imposed,  to  well  within  an  average  of  dfo  of  the  water  con- 
sumption as  measured  by  test. 

7.  This  method  of  computing  steam,  consumption  is  more  accu 
rate  than  the  average  test,  and  Is  the  only  accurate  method  availahh 
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for  testing  certain  classes  of  engines. 

8.  This  method  of  computing  the  actual  steam  consumption  has 
one  important  advantage  over  time  tests:  it  virtually  measures  a rate 
instead  of  a quantity. 

9.  The  various  phases  of  this  new  analysis  can  be  satisfac- 
torily applied  only  by  persons  who  comprehend  the  various  steps  in- 
volved, and  who  by  extensive  experience,  possess  broad  judgment. 
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the  90  feet  of  6 inch  pipe;  from  here  it  was  passed,  through  20  feet  of 

!inch  pipe  and  10  feet  of  3 inch  pipe  where  a gage  and  a gate  valve 
ere  located  and  were  used  .to  throttle  the  steam  to  the  pressure  de- 
ired;  after  this  valve  the  steam  passed  through  feet  of  3 inch 
ipe  to  the  superheater,  then  through  GT  feet  of  3 inch  pipe  to  the 
aboratory  4 inch  superheated  steam  main;  then  through  this  4 inch 
ain  G I feet  to  the  engine. 

The  steam  exhausts  from  the  engine  through  30  feet  of  5 inch 
pipe  to  the  condenser , where  the  exJiaust  steam  is  condensed,  and  is 
then  weighed  in  a large  tank  on  a platform  scales. 

The  engine  is  connected  by  a belt  to  the  generator  which  fur- 
nishes the  load.  This  generator  is  loaded  upon  a water  rheostat  lo- 
cated close  by. 

a.  The  engine. 

The  engine  is  a small  well-designed  Corliss  engine  of  a 
standard  type  built  for  heavy  duty  service.  Its  principal  dimensions 
s-re  ^iven  in  Table  30.  A view  of  the  right  side  of  the  engine  is 
shown  in  Fig.  33,  and  a view  of  the  left  side  is  given  in  Fig.  34. 

The  cylinder  is  un jacketed  on  the  ends,  but  is  partly  jack- 
eted on  the  barrel  by  the  steam  chest,  the  latter  covering  about  one- 
Ififuh  of  the  barrel  surface.  The  exhaust  passages  are  separated  from 
the  lower  part  of  the  cylinder  barrel  by  a dead  air  space  formed  in 
the  cylinder  casting. 

The  engine  is  fitted  with  separate  eccentrics  for  actuating 
the  exhaust  and  the  steam  valves,  thus  enabling  the  steam  valve  gear 
to  cut-off  up  to  about  50^  of  the  length  of  the  stroke.  The  two  sepa- 
rate eccentrics  and  the  two  wrist  plates  are  well  shown  in  Fig.  33. 

The  speed  of  the  engine  is  controlled  by  a fly-ball  governor 
a-cting  on  the  cut-off  cams  of  the  steam  valve  gear.  Variable  speed  is 
Obtained  by  varying  the  gear  ratio  between  the  main  shaft  and  the  gnv. 
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Mechanical  Engineering  Department 

UNIVERSITY  OE  ILLINOIS 

Date / ' ' f ^ ^ 

Report  of  some  observations  and  measurements  of  a steam  engine  at 

^ . +-y  Ov-  fe>«n  o , X I | . 

1.  Engine  made  by  X?  M I S C In  a I Kvv  e -S  Co,^  M,  I w<a  u k:  ec 

2.  Usual  r.  p.  m.  is I 2 O ^ V a >r- T cpy  I e 2o~  ' 

3.  Usual  boiler  pressure 

4.  Diameter  of  cylinder  1 tZ  . o 2.  ''  (in  oi-J  O I e o 

5.  Length  of  stroke  .2.^"  ~ y.o 

6.  Length  of  conn,  rod  is  ^ Its  form  of  cross-section  at  center 

7.  Ratio  of  crank  to  conn,  rod  is  1 to.  v5*^ 

8.  Area  of  bearing  surface  of  crosshead  on  guides  is  7 <S 

9.  Diameter  of  the  piston  rod  is inches 

10.  Diameter  of  shaft  in  bearings  is  ^3  “ 

11.  Diameter  of  flywheel  bore  is  7 “ 

12.  Diameter  of  belt  pulley  is  feet.  Its  face  is  /2.  inches. 

13.  Width  of  belt  is  / inches.  Its  thickness inch. 

14.  Diameter  of  flywheel  is feet.  Cross -sect,  ofrirn  3 “2.  " 

15.  The  weight  of  the  flywheel  rim  is  about ^ ^ 'T*  j]^g_ 

16.  The  velocity  of  the  flywheel  rim  is  about  ^ ^ ft.  p.  s. 

17.  Length  of  crank  shaft  bearing  is  inches.  Outboard  bearing  is 

18.  The  flywheel  or  belt  pulley  is  made  in  / piece  . Fig.  1 sketches  shows  method 

of  connecting  segments. 

19.  The  governor  makes  _ ^ r.  p.  m.  It  is  shown  in  Pig.  2 of  sketches  with 

a description  of  its  action  in  regulating  the  speed  of  the  engine. 

20.  The  number  of  valves  affecting  the  steam  distribution  is 

When  there  is  more  than  one  cylinder,  their  arrangement  is  shown  in  Pig.  3 of  sketches. 

V'Ci'iliical. 

Non-condensing. 

Single  cylinder. 

Tlii  uttHiig. 

Runmng  under. 

t Solf  oonteiftodp  Not  self-contained 

23.  Examine  arrangements  for  lubrication  and  taking  up  wear. 

24.  Remarks: 

6 i-  « ca  W\  V-  S i ^ ' X I I ' 

/ » 

H-...  


2.  The  engine  is 


I 


Horizontal. 
Condensing^  o 
CnmpcMiHiid. 
Automatic  cut-off. 
Running  over. 
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©mor.  This  gear  ratio  change  is  accomplished  by  the  mechanism  shoTOi 
to  the  left  of  the  fly-wheel  in  Pig.  33.  The  mechanism  is  operated  as 
follows:  the  belt  from  the  main  shaft  drives  the  concave  disc  to  the 
left  which  is  loose  on  the  shaft;  this  disc  drives  by  friction  3 fibre  ■> 
rimmed  idlers  which  are  mounted  between  the  2 discs  on  frames  support- 
ed by  a stationary  frame  in  a manner  which  permits  the  plane  of  the 
idlers  to  be  changed;  the  concave  disc  to  the  right  is  f riction-driven 
by  the  3 idlers  and  is  keyed  to  the  shaft  which  is  connected  through 
bevel  gears  to  the  governor.  The  discs  are  kept  in  contact  with  the 
idlers  by  an  end  thrust  provided  by  a helical  spring ( surrounding  the 
shaft )which  is  located  between  the  right  disc  and  the  out-board  bear- 
ing; the  left  disc  is  loose  on  the  shaft  but  works  against  a collar 
formed  by  the  sleeve  carrying  the  shaft;  the  spring,  therefore,  acting 
against  the  outboard  bearing  forces  the  right  disc  against  the  idlers 
and  the  left  disc  against  its  collar.  The  hand  wheel  shown  in  the 
figure,  by  a gear  and  sector  device  not  shown,  changes  the  plane  of 
the  idlers  with  respect  to  the  shaft,  and  therefore  changes  the  gear 
ratio  between  the  2 discs.  This  device  permits  any  speed  from  20  to 
160  R.P.M.  to  be  obtained. 

A leakage  test  of  all  valves  and  the  piston,  the  engine  be- 
ing at  rest,  showed  that  these  parts  were  fairly  tight. 

b.  The  superheater. 

The  superheater  is  of  the  Foster  separately-fired  type,  and 
is  rated  at  200^ F of  superheat  for  a flow  of  4500  lb.  of  steam  per 
hour.  The  draft  is  induced  by  an  engine  driven  fan. 

c.  The  condenser. 

The  condenser  is  of  the  Worthington  surface  type  having  362 
sq.  ft,  of  condensing  surface.  Two  pumps  are  provided;  one,  a Worth- 

tngton  circulating  pump  drawing  its  water  from  the  creek  about  40  feet 
way,  the  other,  a Blake  wet  air  pump,  discharging:  into  a tank  on  a 
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platform  scales.  Tests  at  frequent  intervals  showed  that  the  conden- 
ser was  practically  without  leakage. 

Id.  The  generator  and  water  rheostat. 

The  engine  was  loaded  on  the  generator  and  water  rheostat 
shovrn  in  Fig.  35.  This  generator  is  of  the  Edison  hi -polar  type,  and 
is  rated  at  100  K.W.  at  140  volts,  thus  giving  a full-load  current  of 
715  amperes.  The  field  was  separately  excited  for  the  tests,  the  cur- 
rent being  obtained  from  the  laboratory  220  volt  direct  current  supply 
Big.  35  shows  the  arrangement  of  the  loading  part  of  the 
plant.  The  generator  output  was  conducted  through  cables  in  the  con- 
duit  shown  to  the  main  switch  on  the  switch -boardj  here  connections 
were  made  to  the  plates  of  the  water  rheostat.  Voltmeter  and  ajmneter 
connections  are  made  on  the  back  of  the  switch -board . The  table  sho^m 
to  the  right  of  Fig.  35  contains  the  voltmeter  and  nilli-voltmeter  for 

the  main  load  current,  and  the  field  ammeter  and  rheostat  for  control- 
ling the  voltage. 

The  water  rheostat  consists  of  3 water-tight  barrels  of  v;ood 
each  containing  two  iron  plates,  one  positive  and  one  negative.  The 
connections  of  all  the  barrels  are  in  parallel.  Referring  to  Fig.  35, 
and  describing  only  one  barrel,  a plate  connected  to  the  negative  ter- 
minal is  placed  on  the  bottom  of  the  barrel;  the  positive  terminal  is 
connected  through  the  looped  wire  shown  to  the  front  to  a movable 
plate  suspended  by  a rope  from  the  long  shaft  hung  under  the  frame 
carrying  the  conductors.  This  long  shaft  is  turned  by  means  of  the 
handwheel  and  worm  device  shown.  The  rope  holding  the  upper  plate  is 
tied  through  a hole  in  the  shaft,  so  that  when  the  shaft  is  turned  the 
rope  is  wound  up,  or  vice  versa,  as  desired.  The  desired  load  as 
shown  by  the  milli -voltmeter  is  obtained  by  regulating  the  distance  be-, 
tween  the  plates  and  by  throwing  salt  in  the  water  to  obtain  the  de- 
feired  resistance.  An  overflow  from  the  top  of  each  barrel  ia  nrovidedi 
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at  tli6  back,  so  that  when  the  water  boils,  cold  water  is  admitted  so 
that  the  heat  is  carried  away  in  the  overflow  water  instead  of  by  the 
boiling  of  the  water.  All  the  upper  plates  are  lowered  simultaneously 
by  means  of  the  long  shaft.  An  almost  absolutely  constant  load  is 
maintained  by  this  rheostat, 
e.  The  instruments. 

The  various  instruments  used  were  carefully  calibrated. 

2.  INDICATORS. 

The  indicators  and  the  indicator  rig  are  shown  in  position 
in  Fig.  34.  Two  Crosby  inside  spring  indicators  in  very  good  condi- 
tion were  used  for  the  tests.  The  pipe  connections  consist  of  5 
inches  of  l/2  inch  pipe  for  each  indicator.  The  reducing  motion  is  a 
jwooden  pantagraph  mounted  as  shown.  The  lost  motion  in  the  indicator 
rig  was  less  than  l/lOO  inch. 

Very  great  care  was  observed  in  the  indicator  work,  since 
the  indicator  diagrams  themselves  formed  the  basis  of  the  results  to 
be  obtained.  The  pistons  were  oiled  at  intervals  of  about  one 

The  springs  were  calibrated  by  steam  in  the  indicators  used 
by  a Cooley  Fluid  Scales  Tester,  using  a method  which  duplicated  al- 
most exactly  the  conditions  under  which  the  indicators  were  used  dur- 
ing the  tests. 
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APPENDIX  II, 

METHODS  .■ 

1.  TEST  METHODS. 

The  object  of  this  investigation  was  to  examine  the  values 
and  relations  of  the  exponent  n obtained  from  the  expansion  curve  of 
the  indicator  diagrams  under  different  conditions  of  pressure,  speed, 
and  cut--off.  The  effect  of  changing  one  of  these  variables  was  stud- 
ied while  keeping  the  other  two  constant.  The  method  of  testing  was 
planned  therefore  with  a viev>r  to  maintaining  the  conditions  of  pres- 
sure, speed,  and  cut-off  as  constant  as  was  possible  during  any  one 
test. 

Tests  may  be  very  short  when  a surface  condenser  is  used  and 
constant  conditions  are  maintained.  Prior  to  running  a test,  the  en- 
gine was  operated  for  about  one  hour.  It  was  found  that  after  the  op- 
erating conditions  for  one  test  had  been  maintained  constant  for  10 
minutes  that  the  steam  condensed  per  unit  of  time  was  almost  exactly 
constant.  After  the  conditions  had  become  constant,  it  was  found  that 
30  minutes  of  operation  gave  a length  of  test  which  produced  trustwor- 
thy and  consistent  results.  All  observations  and  diagrams  were  taken 
every  3 minutes.  Six  observers  were  required  to  maintain  the  desired 
conditions  of  load,  pressure,  superheat,  and  to  take  the  readings. 

The  steam  pressure  was  closely  controlled  by  an  observer  who 
throttled  the  steam  in  the  main  before  it  reached  the  engine  to  the 
pressure  desired  as  shown  by  a gage  at  the  valve.  Ordinarily  this 
pressure  was  maintained  to  within  2 lb.  of  the  pressure  desired.  It 
vas  decided  to  keep  the  steam  temperature  for  the  superheated  steam 
bests  constant  at  500® P at  the  superheater.  The  superheater  was  oper- 
a.ted  by  an  observer  who  was  guided  by  the  indication  of  a thermometer 
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Iplaced  in  the  pipe  carrying  the  steam  leaving  the  superheater.  Ordi- 
narily the  temperature  of  the  steam  was  kept  within  the  limits  of  490* 

. O 

to  510  F.  The  temperature  variation  at  the  steam  chest  of  the  engine 
did  not  exceed  2°or  during  one  test.  The  load  was  kept  to  within 
about  1^  variation  of  the  average  load  during  one  test,  A back  pres- 
sure of  about  1/2  lb.  above  the  atmosphere  was  maintained  at  the  en- 
gine by  keeping  the  vacuum  at  the  condenser  at  1 inch  of  mercury,  this 
vacuum  being  controlled  by  an  observer  who  regulated  an  air  leakage 
valve  on  the  condenser. 

The  testing  crew  became  expert  in  controlling  the  conditions 
so  that  the  variations  from  constant  conditions  were  remarkably  small 
for  test  work.  \Then  the  conditions  of  one  test  varied  for  any  reason 
more  than  the  amounts  given,  this  test  was  not  used  for  the  purposes 
of  the  investigation. 

The  tests  were  designated  in  the  laboratory  by  a symbol  in- 
dicating the  conditions  to  be  maintained.  Thus  test  500^  ~ 100  - 52  - 
120  indicated  that  the  steam  was  to  be  superheated  to  500*^F  at  the  su- 
perheater; that  100  lb.  gage  pressui^e  was  to  be  maintained  at  the  en- 
gine throttle;  that  52  K.W,  load  was  to  be  put  on  the  generator;  and 
that  the  speed  was  adjusted  to  be  120  R.P.M.,  measured  at  no-load. 

2.  METHOD  OF  SELECTING  ONE  SET  OF  INDICATOR  DIAGRAlvIS  TO  REPRESENT  THE 
AVERAGE  CONDITIONS  OF  ONE  TEST. 

After  a test  was  run,  the  constancy  of  the  conditions  of 
pressure,  superheat,  load,  the  number  of  revolutions  and  the  weight  of 
the  condensate  for  each  three  minute  reading  was  examined.  If  the  va- 
riations of  these  conditions  were  within  the  limits  selected,  the  test 
vas  worked  up  in  the  usual  manner.  It  was  generally  found  that  the 
irea  of  each  of  the  indicator  diagrams  for  each  end  of  the  cylinder 
ffas  within  2%  of  the  mean  area.  The  gage  pressure  for  each  reading 
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at  which  the  diagrams  were  taken  was  found  to  vary  less  than  2 lb. 
from  the  average.  To  represent  the  average  conditions  of  one  test, 
the  simultaneous  combination  of  a gage  pressure  reading  nearest  to 
the  average  and  of  one  set  of  diagrams  which  had  an  area  nearest  to 
the  mean  area,  vras  sought.  This  combination  gave  one  set  of  diagrams, 
taken  at  the  average  pressure,  which  represented  the  average  area  of 
all  diagrams.  This  mean  combination  condition  could  generally  be  sat- 
isfied to  within  l/2  of  1^  of  the  average  area. 

The  value  of  the  average  quality  of  the  steam  mixture  pres- 
ent in  the  cylinder  at  cut-off,  and  the  average  value  of  n for  both 
expansion  curves  were  obtained  from  this  set  of  diagrams  selected  as 
representing  average  conditions.  The  unit  of  measurement  of  both 
quality  and  n was  therefore  the  revolution. 
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